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FEASIBILITYSTUDY OF A TUNGSTEN WATER-MODERATED NUCLEAR ROCKET

I. SUMMARY REPORT (U)

by Samuel J. Kaufman

LewisResearch Center

SUMMARY

A study was conducted to establish the feasibility and performance capability of a

tungsten water-moderated nuclear rocket reactor concept. The reactor is a thermal

spectrum reactor that uses light water as a moderator and coolant, uranium dioxide as

fuel, and tungsten enriched in the 184 isotope as the fuel-element structural material.

It is intended to provide a high specific impulse, high thrust, and low weight system

with hydrogen as the propellant.

Extensive analytical and experimental programs were conducted in the areas of re-

actor neutronics, fuel elements, and engine systems. Based on the neutronic studies, it

has been determined that the nuclear aspects of the reactor are well understood, adequate

margins of reactivity can be obtained, the negative temperature coefficient required for

self-stabilized reactor operation can be achieved, and radial and axial power distribu-

tions can be adjusted for good heat transfer to the propellant. The fuel-element studies

led to the development of tungsten - uranium-dioxide composites capable of operating for

10 hours to 4960 ° R (2755 ° K) with multirestart capability. These composites have suffi-

cient high-temperature strength to be used as self-supporting components in fuel-element

structures. Fabrication of suitable fuel-element structures has also been demonstrated.

As a result of the engine system studies, it has been shown that the reactor along with

the nonnuclear components, such as the nozzle, turbomachinery, etc., can be started,

operated at the design point, and shut down in a stable manner.

The tungsten water-moderated reactor (TWMR) concept is applicable to power levels

from about 400 to over 10 000 megawatts by increasing the number of fuel assemblies of

the same size and design into a similar structure and increasing the size of auxiliary

"components. There is now reasonable confidence that the TWMR concept is feasible,

that it has high performance capability, and that it could be developed.
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INTRODUCTION

The historical role of the Lewis Research Center has been to conduct research and

development programs on propulsion systems for future flight applications by careful

analytical and experimental investigations of key problem areas in new propulsion con-

cepts and advanced designs. In carrying out this mission with respect to the nuclear

rocket, the tungsten water-moderated concept (TWMR) was evolved. A series of reports

(refs. 1 to 6) presents the detailed results of an engineering study to establish the feasi-

bility and performance of the TWMR concept. This report is a condensed version of the

contents of the references cited.

The TWMR concept is shown schematically in figure 1. It is a thermal reactor that

uses water as the moderator, uranium dioxide as the fuel, and tungsten enriched in the

184 isotope as the fuel-element structural material. As is common to all nuclear rocket

systems, hydrogen is used as the propellant to maximize specific impulse. The reactor

consists of a tank containing a number of pressure tubes that are attached to tube sheets

at the inlet and outlet ends of the reactor. The space inside the tank between the tubes

is filled with water that serves both as the neutron moderator and as a coolant for the

structure. Heat is generated in the water by neutrons and gamma rays and is also trans-

ferred to the water by heat leakage from the hot fuel elements, each of which is located

in a pressure tube. The removal of heat is provided by pumping the water through the

core and a heat exchanger in a closed loop. The water is regeneratively cooled in the

heat exchanger by the hydrogen propellant that flows from a supply tank through the noz-

zle and heat exchanger into the core. As the hydrogen flows through the fuel elements

within the core pressure tubes, it is heated to a high temperature and is then expanded

out the nozzle to produce thrust.

The potential advantages of the concept lie in the following areas: The use of tung-

sten provides a high-temperature material with good thermal shock resistance, tensile

and compressive strength, thermal conductivity, and resistance to corrosion by the hy-

drogen propellant. The properties of tungsten permit the fabrication of fuel elements

with very thin web cross sections that reduce thermal stress. The use of water as the

moderator provides a good coolant for the pressure vessel and structural members and

reduces core size and weight over that obtained for most moderator materials. In this

concept, the fuel-element assemblies are structurally independent of each other. This

arrangement permits individual development of these assemblies.

In order to utilize these advantages, the following conditions must be met: (1) the

uranium must be contained in tungsten-matrix fuel elements, (2) the fuel elements must

be constructed in the shapes required for optimum strength and heat transfer, (3) the

neutronics must be acceptable in terms of temperature and power distributions through

the reactor, (4) a reliable control system must be included, and (5) the water moderator
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must be cooledby the hydrogenpropellant without freezing. Performance, lifetime, and
restart capability must also be evaluated.

Theseand other desirable characteristics of a nuclear rocket system, suchas reli-

ability, high specific impulse, low weight, small size, growth potential, ease of develop-
ment, long running time, and restart capability, are discussed in references 1to 6 as
follow s:

(1) Materials and Fuel Elements (refs. 1and 2). The properties of the tungsten -
uranium dioxide fuel-element material, selection of fuel-element configuration, and
methods of fabrication are discussed. Methods of stabilizing the fuel-element material
under conditions of thermal cycling to ensure fuel retention at operating temperatures
are discussed, and the limiting conditions of operation presented.

(2) Neutronics (ref. 3). The neutronics of water-moderated heterogeneousreactors
that use tungsten enriched in the 184isotope is discussed. Analytical methods have de-
termined and critical experiments have confirmed the margins of reactivity required for
design. Separatedand natural mixtures of tungsten isotopes are used to adjust overall
radial and axial power distributions for best heat transfer. The desirable features of
finely distributed in-core control systems are discussed.

(3) EngineSystem (ref. 4). A description is given of the enginedesign used as a
reference in planning andexecuting the engineering study. Arrangement and types of
components, normal operating conditions, andmaterials of construction are discussed.
Heat transfer, fluid flow, and structural calculations are also included.

(4) FeedSystem and Rotating Machinery (ref. 5). The problem areas for major
componentsin the hydrogen propellant system and in the water-moderator loopare re-
viewed. A study is presented of various propellant feed system types suitable for use
with the TWMR. Detailed descriptions are provided of piping and equipmentarrange-
ments as well as the rotating machinery.

(5) SystemDynamics (ref. 6). With the use of analog and digital representation, the
performance of the componentsas an overall system hasbeenstudied. Stability and con-
trol aspects are also presented.

REACTOR CONCEPT

Reference-Design Criteria

In order to explore the TWMR concept fully, it was necessary to have a reference

_ngine system. Coordination of the program and the evaluation of the experimental and

analytical results were centered on this reference engine system. However, alternative

designs and problem solutions other than those incorporated in the reference design were

investigated and are discussed later.

_m, 3



The TWMR is a heterogeneous thermal reactor in which the fissionable fuel is sepa-

rated from the moderator and is contained in tungsten. The tungsten acts as a structural

material and provides heat-transfer surfaces for the propellant. The separation of fuel

and moderator permits independent cooling of the moderator, which in turn allows con-

sideration of a wider range of moderating materials which permits minimizing the reac-

tor size.

The TWMR concept includes the same general types of auxiliary components as those

in other nuclear rocket systems. These components can be identified as the reactor, the

reactor control system, and the hydrogen flow system. In addition, this system requires

a water flow loop and a heat exchanger for cooling the water. The reference design not

only incorporates these components but also introduces certain innovations into the pro-

pellant flow and reactor control systems.

The performance characteristics of the reference system are as follows:

Reactor power, MW .................................. 1500

Average outlet gas temperature, OR; OK .................... 4460; 2480

Hydrogen flow rate, lb/sec; kg/sec ....................... 93; 42.2

Number of fuel elements ................................ 121

Maximum fuel-element surface temperature, OR; OK ............. 4960; 2755

Fuel-element outlet dynamic head, psi; N/cm 2 ................. 12.6; 8.7

Nozzle chamber pressure, psia; N/cm 2 abs ................... 600; 414

Specific impulse (based on nozzle area ratio of 40 and efficiency of

98 percent), sec .................................... 830

Maximum heat flux in fuel elements, Btu/(sec)(in. 2); j/(sec)(cm 2) 7.2; 1180

Hydrogen flow area, ft2; m 2 .......................... 2.1; 0. 195

Core power density (includes the metal reflector volumes),

MW/ft3; MW/m3 ................................ 40; 1410

The power level and outlet gas temperature, which together define flow rate, were

design objectives based on earlier nuclear rocket studies. Design flow mass velocity

was evaluated from propellant dynamic pressure and nozzle chamber pressure values,

which were based on demonstrated or reasonable values. The mass velocity and flow

rate define reactor flow area which, along with nuclear considerations, established the

number of fuel elements. Heat-transfer calculations determined the surface temperature

distribution and, in turn, the desired power distributions.

Core Fluid Flow Systems

The reactor arrangement is somewhat complicated because all the systems converge

Vl.,./l_lil I MI..I! , ....



in the core region. The general core arrangement and the fluid flow paths in the TWMR

design are shown in figure 2.

The pressure vessel is 52 inches (132 cm) in diameter, and the core region is about

55 inches (140 cm) long. The fuel assemblies are contained in 2.5-inch-diameter

-(6.35 cm) aluminum pressure tubes in which hydrogen flow is from left to right. These

tubes are fastened to two tube sheets and arranged as shown in the cross section in fig-

ure 2(a). Neutrons from the fissioning of the fuel in the assemblies are thermalized in

"the water surrounding the pressure tubes. The tube sheets and the cylindrical pressure

vessel, also made of aluminum, form a container for the water moderator. A beryllium

side reflector and inlet end reflector are also included in the core. This side reflector,

with an outer surface diameter of 43 inches (109 cm), reduces neutron leakage and helps

distribute the power radially in the core. The inlet end reflector is used to help shape

the axial power distribution in the fuel assemblies. The goal in power shaping is to

match the local heat generation with the changing heat-transfer characteristics of the

hydrogen.

The water-to-hydrogen heat exchanger required in the concept to remove radiation-

induced heat from the water is included inside the pressure vessel to couple this compo-

nent closely with the active core both in time and space flow paths. The heat exchanger

is divided into six shell-and-tube sections and placed in an annular space just outside the

beryllium side reflector (fig. 2(a)). The rest of this annulus forms a water flow path and

acts as a reflector. Because of gamma radiation, all materials in the vicinity of the re-

actor core require cooling. The flowing moderator is in contact with most of the pres-

sure vessel walls and performs this cooling function.

The water enters the pressure vessel (fig. 2(b)) near the inlet end of the core and is

distributed by a header formed by the inlet tube sheet and the inlet end reflector. The

water then flows outside the pressure tubes and through the side and top reflectors. It is

then returned through the shell portion of the heat exchangers toward the core inlet. The

water leaves the pressure vessel by again reversing direction and flowing toward the out-

let end core. Water circulation is accomplished by a pump located outside the pressure

vessel.

Hydrogen flows from the nozzie cooling passages (fig. 2(c)) at a temperature of

170 ° R (94.5 ° K) directly into the tubes of the water heat exchangers. After flowing

through the six heat-exchanger units in parallel, the gas is collected in a header and

piped out of the pressure vessel to a turbine. The energy deposited in the gas as it

passes through the nozzle and heat exchangers is used to supply part of the power re-

quired to force the propellant through the system. The gas leaving the turbine reenters

the pressure vessel head, which forms a plenum for distributing the propellant.

A shadow shield can be located inside the head to be conveniently cooled by the gas

"flowing over and through it on the way to the fuel assemblies. Of the 121 fuel assemblies
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included in the core, 117 are used to heat about 97 percent of the propellant to 4460 ° R

(2480 ° K) before it is discharged into the nozzle chamber. Insulation protects the outlet

tube sheet from the hot gas. The remainder of the hydrogen is heated to 1860 ° R

(1030 ° K) in four special fuel assemblies located in the central part of the core, as shown

in figure 2(a). This reduced temperature bleed gas is used to supply the additional pump--

ing requirements. The fact that the fuel assemblies are individual units makes this pos-

sible. The four bleed gas units (fig. 2(c)) discharge at the inlet end of the core into

separate ducts, which carry the flow to the turbopumps.

Reactivity Control System

Another major component required for the reactor in addition to the fuel assemblies,

moderator, and coolant, is a control system. To maintain a good power distribution

within the core, an aqueous solution of cadmium sulfate contained in fixed tubes was used

for the control system. These Zircalloy tubes extend down into the water moderator and

are uniformly interspersed among the fuel assemblies shown in figure 2(e). The result

is a core containing about 200 stationary small control rods. The amount of neutron ab-

sorbing cadmium in the solution must be varied to control the reactor. The control tubes

are connected to a flow loop in which the solution concentration can be adjusted. A sche-

matic drawing of the control-solution loop is shown in figure 3; one control tube is used

in this schematic to represent all the tubes. It contains an inner tube for bringing solu-

tion into the core; flow out of the core is through the annular space between the tubes.

The large number of tubes requires careful manifolding to ensure good poison distribu-

tion. The rest of the control-solution flow system is outside the pressure vessel. A

heat exchanger that uses cold hydrogen gas as a coolant removes the heat deposited in

the poison solution by radiation, and a pump circulates the fluid at a constant rate around

the loop. To decrease the poison concentration, a portion of the poison solution flow is

bypassed through a mixed-bed ion exchanger. The bypass flow reenters the main flow

and dilutes the solution concentration before the flow reaches the core. Cadmium con-

centration in the poison solution is increased by injecting cadmium sulfate concentrate

into the main flow from a pressurized storage container. A combination pressurizer-

accumulator is installed on the main flow line to accommodate volume changes and to

maintain 600 pounds per square inch absolute (414 N/cm 2 abs) in the system. Solution

temperatures are maintained from 585 ° to 675 ° R (325 ° to 375 ° K).
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Core Structure Considerations

As shown in figure 2(d), the pressure vessel consists essentially of two containers.

One contains hydrogen and is formed by the head, the inside surfaces of the pressure

rubes, and the tube sheets. The other contains water and is formed by the pressure ves-

sel cylinder, the outer surfaces of the pressure tubes, and the tube sheets. To reduce

the loads across the common walls of these two containers, the water system pressure

is regulated to match the hydrogen pressure. This pressure is regulated specifically in

the region of the outlet tube sheet since cooling is most difficult in the vicinity of the hot

gas. With little or no pressure drop across the tube sheet, its thickness can be mini-

mized and the cooling problem reduced.

The principal load on the inlet tube sheet results from aerodynamic forces on the

fuel assemblies. In the arrangement shown in figure 2(b), the tube sheet is supported by

the inlet end reflector, so that the 3-inch-thick (7.62 cm) beryllium member serves a

dual purpose. The load is transferred by a collar attached to each pressure tube, which

bears on the reflector. A forged beryllium disk would be used in its fabrication since

forged beryllium has reasonable room-temperature ductility and high strength. Forgings

of this general size were produced for early project Mercury capsules.

Cooling of the beryllium reflector is very important. Water is not only in contact

with both flat surfaces, but also flows through the thickness in the annular space around

the holes provided for the pressure tubes. This distribution of coolant assures very low

temperature gradients resulting from gamma heating, and thus thermal stress problems

common to heavy support grid plates are avoided.

The pressure tubes, the inlet and outlet tube sheet, and the inlet end reflector form

an independent structural network; its integrity does not depend on fuel assemblies in-

serted into the pressure tubes.

The principal functions of the fuel assemblies are to hold the fuel material in posi-

tion and to provide flow passages for the propellant, but they must also reduce heat leak-

age from the hot fuel elements to the aluminum pressure tubes. To maintain the thermal

stresses at acceptable levels, all these functions must be accomplished with minimum

restraint of the relative thermal expansions of fuel-assembly components and the alumi-

num structure.

Figure 4 is a section through one of the propulsion-type fuel assemblies in which the

inlet and outlet tube sheets, the pressure tube, the load transfer collar, and the inlet end

reflector are shown. The fuel element (which is defined as the fueled material and its

Support tube) is broken into 26 fuel stages, 1.5 inches (3.81 cm) long, with 0. 125-inch

(3.18 mm) spaces between stages to allow for flow redistribution, which would not occur

in long continuous flow paths. The stages are attached to an axially continuous support

tube, which is made up primarily of tungsten and is attached to the inlet tube sheet for
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axial support. To dampenexcessive vibrations in the 55-inch-long (140cm) support tube
and attached stages, lateral supports are located along the tube length. The main lateral
support, at the hot end of the core, consists of a spline and keywayarrangement, which
allows relative axial and radial expansionbetweenthe pressure and supports tubes. The
pressure tube is also supported laterally near its midlength by an orifice plate usedfor _
water distribution.

The cold end support tube attachment incorporates a seal that makespossible the
stagnanthydrogen zonebetweenthe pressure and support tubes. The low conductivity of
a gas, coupledwith the presenceof the support tube acting as a radiation shield, ther-
mally insulates the pressure tube. This same technique of radiation shields and insula-
tive gas spaces is used to protect the outlet tube sheet.

A beryllium reflector plug is located at the inlet end of eachfuel assembly to make
up for the holes provided for the pressure tubes in the inlet endreflector.

Engine Flow Systems

Figure 5 is a schematic drawing of the overall engine flow systems. The control-

solution loop is omitted for simplicity. Figure 6 shows the water flow loop portion of

figure 5 and design-point operating conditions. It consists of the heat exchanger and

pump, with parallel flow through the beryllium side reflector and reactor core. Only

the pump is outside the pressure vessel. System pressure is maintained at 600 pounds

per square inch absolute (414 N/cm 2 abs) at the outlet tube sheet of the core. The total

flow rate is 1040 pounds per second (472 kg/sec), and temperatures range from 700 ° R

(389 ° K) at the core exit to 655 ° R (364 ° K) at the heat-exchanger exit. The flow rate

through the active core region is 946 pounds per second (429 kg/sec).

The propellant (fig. 7) must be forced from the liquid storage tank at a pressure of

35 pounds per square inch absolute (24.2 N/cm 2 abs) through the reactor to pick up the

energy of the power source, and through the nozzle to convert the energy to thrust. All

the hydrogen pumping is done by two pumps in series, each with a different source of

power. The pumps raise the pressure of the flowing hydrogen to 1179 pounds per square

inch absolute (812 N/cm 2 abs). The hydrogen then cools the nozzle walls and the water

moderator in the heat exchanger in succession. In the process the temperature is raised

to 300 ° R (167 ° K). The controlled bypass line around the heat exchanger provides

flexibility of operation at off-design conditions. The heat picked up by the hydrogen in

the process of cooling the nozzle and water is extracted by the topping turbine to supply

two-thirds, or 6000 horsepower (4.68 MW), of the required total pumping power. Tur-

bine control is achieved with throttling and bypass valves. On leaving the topping tur-

bine, the gas performs another secondary cooling function when part of the flow is

i_ ,.-- .... | _ I"| ITI AI
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diverted through a heat exchanger to cool the poison control solution. The entire flow

reenters the pressure vessel at a pressure of 712 pounds per square inch absolute

(491 N/cm 2 abs) and 320 ° R (178 ° K). The hydrogen flows through the propulsion fuel

assemblies at 90.5 pounds per second (41.1 kg/sec), is heated to 4460 ° R (2480 ° K) and

discharges into the nozzle chamber at 600 pounds per square inch absolute (414 N/cm 2

abs) and expands to create thrust.

The remaining 2.5 pounds per second (1.13 kg/sec) of the hydrogen flow is heated to

1860 ° R (1030 ° K) in four special tube assemblies to supply the remainder of the system

pumping power. Figure 8 shows the path of this bleed flow. The gas that is bled off in

the reactor head region at a pressure of 600 pounds per square inch absolute (414 N/cm 2

abs) flows through three turbines in series before being discharged. These turbines

drive the control-solution circulating pump, the water-moderator circulating pump, and

the first-stage propellant feed pump. Each turbine is controlled by a bypass line and a

throttling valve.

System Startup

The conditions given in the three preceding figures (figs. 6 to 8) are for operation

at design power. Since the TWMR design incorporates innovations in the propellant feed

and reactor control system, the startup phase was also considered in the program. Al-

though there is more detailed discussion in references 3 and 6, the effect of the water

moderator on raising the system to operating power is discussed here. For this discus-

sion, one possible startup sequence is described.

Small startup pumps, requiring about 1 horsepower (746 W), are used to circulate

the control solution and water moderator slowly. With no hydrogen flow, the reactor is

brought critical and to some low power level by reducing the poison concentration in the

control solution. Still with no hydrogen flow, the fuel elements increase in temperature,

and heat is transferred to the circulating water moderator. Thus, low-power condition

is maintained until the water heats to about normal operating temperature. The liquid

hydrogen tank shutoff valve is then opened and hydrogen flow starts, being forced through

the system under tank pressure to initiate a bootstrap procedure in the pumping system.

The mass of warm water in the reactor system has two effects on this operation. First,

it is a source of stored energy that can be transferred to the propellant in the heat ex-

changer upstream of the topping turbine to help the bootstrap operation. Second, it not

ohly tends to keep up the hydrogen flow, but also starts to increase reactor power by

reducing the temperature and increasing the density of the water moderator (negative

water temperature coefficient). Hydrogen flow and water flow are rapidly increased
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as power increases untildesign conditions are established at rated power and fullthrust

is developed.

Design for Other Power Levels

The rated power for the reference design is 1500 megawatts. Certain variations

would be required for a nuclear rocket with a different power level. Obviously, a differ-

ent power level would require a different number of fuel assemblies, but any reasonable

number of pressure tubes could be incorporated into a structure similar in nature to the

one described. Fuel assemblies of exactly the same size and design could be used in

this structure to provide the new power level. The heat exchangers would be sized to

handle the energy deposited in the water moderator, and modification of the pressure

vessel diameter would be required to house the required components. Since other sys-

tem components depend primarily on fluid flow rates and pressure drops, these condi-

tions would establish the size requirements for turbopumps, nozzles, valves, and piping

for different power levels.

The structurally important inlet end reflector would be expected to vary in thickness

as core diameter changed. However, since its worth as a neutron reflector depends on

thickness, it may be desirable to maintain that dimension at a minimum of 3 inches

(7.62 cm) even at lower power levels.

Reactor physics considerations also enter into this process of varying design power.

As core sizes become larger, required excess reactivity becomes easier to achieve.

Therefore, greater flexibility in the manipulation of nuclear parameters and the possi-

bility of better performance are obtainable. Conversely, as core sizes decrease, neu-

tron leakage from the core increases and required reactivity becomes a more difficult

and finally a limiting problem. Design flexibility therefore decreases as power is re-

duced, and reactor control system possibilities may also change as power varies.

NEUTRONICS

The reactor physics work dealt with the neutronic behavior of the reactor concept

within the mutual limitations imposed by the other phases of the study. Analytical

methods have determined and critical experiments have confirmed the margins of reac-

tivity required for the design that uses separated tungsten enriched in the 184 isotope.

As a means for tailoring the overall radial and axial power distributions to maximize

heat transfer, mixtures of natural tungsten and a single mixture of enriched tungsten

have been considered and their use demonstrated. The experimental critical assembly
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program completed to verify the conclusions of the analytical power tailoring study is

only briefly reported herein. The results of the experiments with zoned critical assem-

blies are fully discussed in reference 3.

A cross section of the reference reactor is shown in figure 2(a). Most of the fissions

in this reactor take place at essentially thermal energies because of the good neutron

slowing-down properties of the water moderator. Core reflection is provided by the pri-

.mary beryllium and the secondary water reflector. For fuel-element structural mate-

rial, tungsten is used that is enriched in the 184 isotope which has one-tenth of the ab-

sorption cross section of natural tungsten.

The reference-design reactor employs a finely distributed in-core control system.

The reentrant control tubes contain a flowing dilute solution of cadmium and water. They

are distributed throughout the entire core, as shown in figure 9 by the small circles in

the water spaces between the fuel assemblies. Because the control tubes affect only

neighboring fuel assemblies, the amount of control that can be obtained becomes virtually

independent of core size.

The radial beryllium reflector is an average of 2.5 inches (6.35 cm) in thickness

and contains about 10 volume percent of cooling water. The beryllium is scalloped to

displace water near the outer fuel assemblies in order to minimize circumferential power

peaking.

In the reference-design reactor, the fuel-element spacing is kept constant at

3.1 inches (7.87 cm) so that the entire core is made up of repetitive hexagonal cells, as

shown in figure 9. The initial objective of the neutronics work was to determine the

multigroup parameters of these cells. These cell parameters were then used to arrive

at a tailored reactor design. The incentive for flattening and shaping the power distribu-

tion is to produce maximum propellant temperature in each fuel assembly. These maxi-

mums must be consistent with the maximum allowable metallic fuel temperatures and the

maximum allowable dynamic loads on the fuel-element stages.

There are many methods that may be exploited to shape the power distributions. For

example, in one method the fissionable materials are nonuniformly distributed throughout

the core and in another method the water spacing between fuel assemblies is varied.

In the reference design, a range of fuel loadings of uranium dioxide in the tungsten -

uranium dioxide matrix has been employed to flatten the power radially in the individual

fuel ceils. The method for flattening power from cell to cell across the core in the

radial direction employs natural tungsten as a distributed parasitic absorber. This is

accomplished by making some of the tungsten support tubes for fuel-element stages of

"natural tungsten rather than of separated tungsten.

The method of adjusting axial power distribution to heat the propellant to the re-

-quired temperature with the shortest length reactor requires a combination of heat-
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transfer and neutronic calculations. Here too, natural tungstenis usedas a distributed
parasitic absorber. Axial power canbe shapedby replacing part of the separated tung-
stenby natural tungsten in strategic fuel stagesof the fuel assembly. Since the refer-
encedesign uses separatedtungsten in the fuel elements, judicious use of these special
stages, in conjunctionwith the use of inlet reflectors, has made it possible to approach
the desired axial power distribution quite closely.

The selection of the fuel-assembly center-to-center spacing is reserved to fulfill an
important requirement of the reactor design: that the reactor be inherently self-
stabilizing during power operation. This requirement is achievedby designing for a
negativewater temperature reactivity effect.

Cross Sections

The feasibility of the reactor concept required precise neutron cross sections for all

the tungsten isotopes. Therefore, considerable emphasis was placed on cross-section

measurements early in the program. Tungsten has many large resonances in the inter-

mediate neutron energy range (fig. 10), and an accurate knowledge of the resonance pa-

rameters is required for precision neutronic calculations.

The major competitors for neutrons in the TWMR are tungsten and uranium 235.

Uranium enriched to 93 percent in uranium 235 is employed to maximize absorptions in

the fuel; absorptions in the tungsten should be minimized. Natural tungsten has a ther-

mal cross section of 18.3 barns, which may be reduced by almost an order of magnitude

by enrichment in the tungsten 184 isotope. Since tungsten 184 has no significant reso-

nances below 185 electron volts (2.96×10 -17 J), enrichment is even more attractive.

Even with large enrichment, a significant fraction of the neutrons will be absorbed in

separated tungsten. The resonances may be effectively bypassed, however, by slowing

down the neutrons in the water outside the fuel elements, thereby keeping neutrons away

from the tungsten.

Several integral experiments were undertaken to check the precision and complete-

ness of available microscopic cross sections. The first of these was the measurement

of effective resonance integrals for the isotopes of tungsten. Figure 11 shows the effec-

tive resonance integrals (Ieff, in b) for separated tungsten 184 mixtures. The data

points are for tungsten samples made of isotopic mixtures that were highly enriched, to

approximately 94 percent, in tungsten 184. In the reference reactor, the geometries

of the tungsten 184 samples correspond to surface to mass values for (S/M) 1/2 of 0.50

to 1.00. The Nordheim calculations that use the known resonance parameter data for the

tungsten isotopes predict the experimental data very well. Interestingly, the tungsten 184

contribution to Ief f is only about 25 percent of the total integral, even for these highly
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separated tungsten 184 mixtures. The importance of the large resonances of the tungsten

isotopes other than tungsten 184 is thus illustrated.

The second integral experiment was a tungsten-water Fermi-age experiment. The

Fermi age for fission energy neutrons is proportional to the mean square distance a neu-

tron will travel from the point of fission to where it becomes a low energy neutron.

Comparison of the experimental and calculated values of the age is a check on how well

. high energy elastic and inelastic cross sections are known.

The age results are shown in figure 12 for plutonium-beryllium source neutrons.

The Fermi age to 1.44 electron volts (2.3x10 -19 J) in square centimeters is plotted as a

function of percent tungsten in tungsten-water mixtures. Three tungsten-water mixtures

were measured, and the Fermi ages for these mixtures proved less than the age for pure

water. The tungsten slows down fast neutrons better than the displaced water, which in-

dicates the importance of the tungsten inelastic cross sections. The calculated curves

are from the GAM II cross section multigroup compilation that was used for reactor

studies. The calculated results are shown by the solid line, which is about 10 percent

lower than the Fermi ages measured for the tungsten-water mixtures. This difference

is a result of the model used for calculations at high energies, which slightly exaggerates

the inelastic scattering effects due to tungsten.

Reactor Analysis Methods

The development of reactor analysis methods ordinarily depends heavily on the re-

sults of critical experiments. Because of the unavailability of the required amounts of

separated tungsten, semiempirical approaches that rely on critical experiments to a

large extent were rejected. Reliance was placed on neutron transport calculations using

the Sn (discrete angular segmentation) transport programs for the core cell calculations.

The basic separability of the axial and radial neutron flux distributions and the relative

uncoupling of the fuel-element cells permit the use of one-dimensional, multigroup pro-

grams for gross criticality calculations. The validity of this approach was checked by

two-dimensional calculations: the analytical part of the reference reactor study program

provided a vehicle for the understanding and interpretation of physical phenomena, for

the design and specification of pertinent experiments, and for the extension of experimen-

tal data into areas not specifically covered by the experiments.

The basic calculation for the reference reactor is the solution of the fuel-cell prob-

" lem. The GAM II and GATHER programs (refs. 7 and 8) were used to obtain multigroup

spectrum averaged microscopic cross sections for the materials in the fuel element.

. The Nordheim resonance calculation was done within the GAM II program for the tungsten

isotopic and uranium 238 resonances.
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Spatial neutron flux solutions for fuel-element cells were obtained by using an Sn

transport theory program. The self-shielding factors resulting from these cell calcula-

tions were used in the GAM II and GATHER programs to recompute the neutron spectrum

and macroscopic average cross sections.

These cross sections were then used in full core spatial calculations to obtain the

reactor multiplication factors and gross radial and axial power distributions. A radial-

axial buckling synthesis technique was used with one-dimensional programs, although

two-dimensional (r, z) calculations also have been performed.

Another analytical problem that is important to the TWMR is that of gamma heating.

Since the water temperature is important in system operation, accurate calculations of

the energy deposition in the water by gamma rays are required. To perform the basic

tasks of determining the origins, capture locations, and energies of the gamma rays, the

Monte Carlo program ATHENA (ref. 9) was developed. In this program, neutrons and

gamma rays, both primary and secondary, are tracked by Monte Carlo methods in three-

dimensional geometry to provide heating rates in any part of the reactor. Up to 81 energy

groups may be used. Also, a statistical estimator is used to compute, in reasonable

computing times, the heating rates and fluxes at point detectors inside or outside the

core.

Reactor Design and Critical Experiments

Reference reactor-design considerations. - The basic calculation for the reference

reactor is the estimation of the multiplication factor for the fuel cell. This cell consists

of a fuel element, its pressure tube, and the proportional amount of surrounding water

moderator.

The infinite multiplication factor as a function of water thickness for several concen-

trations of tungsten 184 is shown in figure 13. The water thickness parameter shown is

the distance between adjacent pressure tubes. The multiplication factor, in the absence

of any leakage of neutrons, is the number of neutrons produced per neutron absorbed in

the cell. The bottom curve is for natural tungsten with 30.7 percent tungsten 184. Re-

sults for enriched tungsten containing 78.4, 87, and 94 percent of tungsten 184 are also

shown.

The general similarity of the shape of the curves is noted. As the water thickness

is increased from small values, the number of neutrons slowing down past the resonances

increases and the multiplication increases. A point is reached, however, where addi-

tional water moderator acts as a parasitic absorber and the multiplication decreases.

This decreasing multiplication corresponds to an overmoderated condition; the region to

the left of the peak multiplication corresponds to the undermoderated region.
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A substantial gain in multiplication is obtained with increased enrichment in tung-
sten 184. The gain is a result of the decreasing thermal absorption cross section which
goesfrom 18.3 to 2.9 barns with enrichment, while the effective resonance integral goes
from 38.6 to 10.7 barns. These factors accountfor a major part of the increase in mul-
tiplication. It is clear that some enrichment of tungsten 184 is required. The availability
and cost of tungsten enriched in the tungsten 184isotope are therefore of prime impor-
tance.

The aspectsof separatedtungsten 184production havebeen studied in detail by the
AEC at the Oak Ridge - K-25 gaseousdiffusion plant, which is capableof separating
tungsten isotopes. The results of this technical and economic studyfor producing tung-
sten 184are shownin figure 14. The unit costs are also shownfor various enrichments
in tungsten 184. This unit cost curve rises very rapidly above90-percent enrichment.
The choice of the 87-percent enrichment for the reference isotopic mixture shownpro-
vides a reasonableunit cost, while the annual production for this enrichment, is indi-
cated to be 10000 pounds(4540kg).

Figure 15again shows neutron multiplication as a function of water thickness for the
reference cell, using tungsten enriched to 87 percent in tungsten 184. The maximum
multiplication of about 1.39 occurs at a water thickness of a little more than 0.5 inch
(1.27 cm) anddecreases for less water due to increased resonanceabsorption in the
tungsten.

The lower curve showsthe effective neutron multiplication for the reference core
with 121fuel elements inside the beryllium reflectors, as previously described. This
curve takes into account the neutrons that leak out as well as thoseabsorbed in the reac-
tor. For a water thickness of 0.5 inch (1.27 cm), the multiplication is decreasedto
about 1.18. The undermoderated region to the left of the maximum is of special interest
becausethis is the region where significant negative temperature water reactivity coeffi-
cients canbe obtained. With a negative coefficient, as the core water temperature in-
creases, the core loses reactivity so that the reactor power is self-stabilizing. Since
temperature is the key parameter that must be controlled for reliabie rocket reactor
operation, this negative temperature coefficient of reactivity canbe a very useful feature
for taking the reactor up to power andfor power regulation.

Calculation of the exact water temperature coefficient of reactivity is difficult be-
cause of the many variables that are temperature dependent. Also, the use of isotopi-
cally enriched tungsten in a thermal reactor was without precedent. Therefore, an ex-
perimental critical program was initiated to determine the precise amount of excess re-
_tctivity available and to determine if the water temperature reactivity coefficient was

sufficiently negative.

Critical experiments. - The reference-design reactor was neutronically and physi-

cally simulated by a series of critical experiments to check the overall accuracy of the
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calculations and to measure the negative temperature coefficient of reactivity. The first

two experiments were made at two different fuel-element spacings to study the change of

the core excess reactivity and temperature coefficient with fuel-element spacing. These

experiments were made with the core reflected solely with water, because of the flexi-

bility of water reflectors in permitting changes in fuel-element spacing. One of these

fuel-element spacings was then selected for the beryllium-reflected experiment, which

was a mockup of the reference design.

In the criticalassembly used (fig.16(a)),the core is contained in a 6.5-foot-

diameter (i.98 m) water tank, and the 121 pressure tubes containing the fuel assemblies

are inserted through the upper and lower grid plates, as shown in figure 160_).

The beryllium reflector used consisted of a 4-inch (i0.2 cm) inletreflector (not

shown) thatwas assembled in the area below the core and the 2.875-inch (7.3 cm) beryl-

lium side reflector. This side reflector was backed by 0.25 inch (6.35 mm) of boral

sheeting to reduce the reactivityeffects of the exterior water. In the experimental con-

figurationsthe reference core was upside down, that is, the inletberyllium reflector is

at the bottom. The beryllium side reflector was faced by a scalloped aluminum plate to

simulate the true shape of the reflector. Before the reactor was made critical,water

was pumped intothe tank fillingthe spaces between the fuel elements and around the core.

The dilutepoison control tubes located at the midpoints of the triangular water gaps be-

tween the fuel elements contained cadmium solutionto hold down the excess reactivityof

the core.

Since large quantitiesof separated isotopes were not available for construction of

fuel elements, the neutronic characteristics of the fuel element had to be simulated in the

mockup core. Figure 17 presents a cutaway view of the fuel element to show how the

simulation was accomplished mechanically. The fuel stages contained the correct

amount of uranium 235 but required substitutematerials for the tungsten 184 mixture.

The two views at the right of the figure show schematically how the simulation materials

are distributed. A uranium-aluminum alloy was used as the fuel, and the enriched tung-

sten was simulated by using natural tungsten in reduced amounts to match the correct

thermal cross section. In order to match the correct resonance region capture, a single

ring of depleted uranium 238 was employed.

The finalsizes of the simulating materials were based on numerous calculations to

assure an accurate neutronic simulation. Table I gives the calculated results showing

the precision of the simulation in terms of absorptions per source neutron for the

reference-design and simulated cores. The hydrogen, oxygen, and uranium 235 absorp-

tions agree very well. Since the separated tungsten is simulated by a combination of

natural tungsten and uranium 238, the sums in both cores must be compared; the sum is

0. 150 for the reference core and 0. 153 for the simulated core. The aluminum shows

some mismatch, although the total absorptions per source neutron compare very well.
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The total for the reference core is 0. 851, and the total for the simulated core is 0. 854.

The difference of the absorption from 1 is the result of neutron leakage. The thermal

utilization quantity shown is the ratio of thermal absorptions in fuel to total thermal ab-

sorptions, and the match in this parameter indicates the precision of the simulation at

the thermal energies. The slowing-down ages may be compared as an indication of the

match of the slowing-down properties of the two cores. The difference shown is the re-

sult of a small, high-energy, scattering mismatch.

These comparisons of reference and simulated cores are made on the basis of calcu-

lations. In order to obtain experimental confirmation of the simulation, several kilo-

grams of calutron-separated tungsten isotopes were obtained from Oak Ridge. These

isotopes were used to fabricate five concentric ring stages. These special stages were

substituted for five stages in the center fuel assembly of the mockup core. The resulting

change in reactivity was then measured.

The isotopic tungsten composition of the reference fuel cell, which was based on as

yet unavailable diffusion-separated material, could not be matched exactly with these

special stages made with the calutron-separated material. However, the expected reac-

tivity worth was bracketed by varying the number of rings in the special stages. The

number of grams of each isotope in a reference-design stage and in three configurations

of special stages is shown in table II. The 5-ring stage closely matches the reference-

design stage in every isotope except tungsten 184. Because of the deficiency in the

184 isotope, this 5-ring special stage is less absorptive than the reference stage. As

more rings are added to increase the tungsten 184 content, the amounts of the other iso-

topes also increase. Consequently, when the amount of tungsten 184 is closely matched,

as it is in the ll-ring case, there is a surplus of the other isotopes, making this config-

uration more absorptive than the reference-design stage. Therefore, the reactivity of

these 5- and ll-ring special stages will bracket the reactivity of the reference-design

stage.

The results of the experiment are shown in figure 18. The ordinate gives the reac-

tivity that would result from a total replacement of all the mockup stages in the core by

special stages, which have the number of rings listed in the abscissa. The reactivities

measured with the special fuel-element stages were converted to their full core counter-

parts by an analytically derived constant. The reactivity of the mockup stages was ex-

perimentally determined to lie between that of the 5- and ll-ring special stages. Thus,

from the extremes of this experiment it can be expected that the reactivity of the mockup

is within +2 percent of that of the reference-design core.

Actually, the agreement is considerably better than this. The comparative deviation

between the mockup core and the core built of 8-ring special stages was calculated. The

result of this calculation is shown by the triangle in figure 18, which agrees to within

0.5 percent in reactivity with the measured value. This close agreement lends strong
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support to the method of treating the individual isotopes of tungsten in the calculation used

in establishing the mockup core.

The purpose of the first two critical experiments, with the 2.9- and 3.0-inch (7.37

and 7.62 cm) water-reflected configurations, was to find the fuel-element spacing that

had a suitably negative temperature coefficient with sufficient overall core reactivity.

The multiplication values obtained for these spacings with water reflectors are shown in

figure 19. The 3-inch (7.62 cm) spacing proved to be most satisfactory. The beryllium:

reflected reference-design core was then built with the 3-inch (7.62 cm) spacing. When

the beryllium reflectors were added, a 5-percent increase in multiplication was obtained

for the 3-inch (7.62 cm) spacing.

The values calculated prior to the experiment are shown by the solid lines in fig-

ure 19. The lower curve is for water-reflected cores, while the upper one is for

beryllium-reflected cores. The reactivity of all cores was consistently underestimated

initially by about 2 percent.

More detailed calculations were subsequently performed for the water-reflected con-

figuration with 3-inch (7.62 cm) spacing. These calculations included two-dimensional

calculations of the fuel-element cell and the total core, and improved treatment of the

resonance effects. These refined results are shown as the dashed line in figure 19 and

agreed with experiment to within 0.5 percent in reactivity.

Power distributions. - The power distribution in the core is important in the reactor

design, since the maximum exit gas temperature can only be obtained if each fuel ring is

operating near the maximum allowable temperature. This section discusses the radial

and circumferential power distribution within a fuel element and the overall radial and

axial power distribution in the core.

An experiment conducted to measure the radial power distribution within a simulated

fuel element is shown in figure 20. The relative power density is plotted as a function of

the radius of the fueled region. The circles are the experimental data points, normal-

ized to 1.0 at the outside radius of the fuel. The triangular points are values calculated

by using multigroup transport theory, and the agreement is very good.

The radial power falloff is a result primarily of the attenuation of the thermal neu-

tron flux. The power distribution shown is typical of an unzoned fuel element. This dis-

tribution would require orificing of each propellant channel within the fuel element for

operation at maximum exit temperature. The more desirable alternative is to flatten

the power in the fuel element by fuel zoning. The flux will still decrease toward the cen-

ter of the element but the fuel is distributed so that the power is relatively flat. Since

the calculation and experiment are in good agreement for the experiment shown in fig-

ure 20, this same calculation can be used to compute the loading schedule for uniform

power.

Figure 21 shows the radial power in a zoned 10-ring fuel element. The power dis-
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tribution relative to the average power in the cell is shown for each of the 10 fuel rings.

The ring numbers correspond to the fuel rings indicated in the inset, and the fuel loading

used for each is given. A loading of 32-volume-percent uranium dioxide in tungsten is

assumed to be the metallurgical limit for these fuel elements, and this loading was used

in the center ring. The loading decreases to 12.9 volume percent at the outside. This

zoned distribution of fuel, compared with the unzoned fuel element, results in a reduction

of about 1-percent reactivity. The variation of the power through the fuel ring is not se-

rious because of good tungsten thermal conductivity.

The fuel-element circumferential power distribution is also important. A sector of

the reference reactor is shown in the inset of figure 22, in which the variation of the

amount of water around the perimeter of the fuel element can be seen. The greatest

amount of water is in the triangular gaps where the control tubes are located. There are

two competing effects that tend to cancel one another: an effect causing flux peaking

where the most water exists and an effect causing flux depression due to the cadmium in

the control tubes. These effects were checked experimentally, and circumferential peak-

ing around the central fuel element was found to be negligible when reference cadmium

concentration is in the poison tubes. Figure 22 shows the results of activation measure-

ments made with foils placed circumferentially around two of the fuel elements in the

critical assembly. The purpose of the measurements was to determine the effects of the

poison control tubes and of the reflector on the circumferential power distributions. The

ratio of the power at the angle q_ to the average power around the fuel element is plotted

as a function of q_. For the center fuel element, negligible circumferential power varia-

tion was observed with the dilute reference concentration in the control tubes.

The results of circumferential power measurements made on a fuel element located

at the edge of the core indicate a power peaking of about 9 percent in the direction of the

water gaps between the fuel elements at the reflector. The thickness of these water

spaces between the fuel elements and the reflector can be reduced and still allow ade-

quate cooling; this reduction should reduce the power peaking at the reflector. The

power peaking is included as a local factor in heat-transfer calculations.

The overall radial and axial power distributions in the core were investigated. Fig-

ure 23(a) shows the radial density in the uniform or unzoned core. The measured local

to average radial power for all the fuel elements in a one-twelfth sector of the core is

plotted as a function of the radial position of the fuel element. The measurements were

made by counting the fission product gamma activity of the middle axial fuel stage of each

fuel assembly.

The values calculated by a one-dimensional cylindricized representation of the core

are shown by the solid line. Good agreement is obtained except near the edge of the

- core. The deviations here are believed to be a result of the cylindrical approximation

of the hexagonal boundary of the core employed in the calculation.
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Flattening the radial power distribution in the unzoned core of the reference design,

without changing the fuel loading or fuel-assembly spacing, was achieved by replacing the

enriched tungsten support tubes in the central-fuel assemblies with natural tungsten.

Figure 23(b) shows an example of radial zoning in which the relative power generated in

the fuel assemblies is plotted as a function of radius in the core. The effect of replacing

the tungsten 184 support tubes in the central 19 fuel assemblies with the more absorptive

natural tungsten support tubes is shown by comparison of the curve for the uniform core

with a calculation and with the measured values for the zoned core. The power generated

in the outer fuel assemblies is significantly closer to that generated in the central assem-

blies in the zoned core. This zoned core has about 2 percent less reactivity than the uni-

form core.

The axial power distribution is concerned with the distribution of power between the

axial stages. The composition of materials in some of these fuel stages can be adjusted

to make the amount of power generated in the stage closer to that which is desired for

efficient heat transfer. In addition, the axial power distribution is shifted by use of a

neutron reflector at the inlet end of the core. This reflector consists of a beryllium plug

(see fig. 4) with axial holes sized to set the hydrogen flow to the fuel assembly, a beryl-

lium plate that supports the fuel assemblies, and the water in and around the inlet plenum.

Figure 24(a) shows the axial power density in a uniform core, including the power

measured in each of the stages of three fuel elements, one located at the center of the

core, one at an intermediate position, and one at the edge of the core. The measured

power in each stage normalized to the average of all the stages in that assembly is shown

plotted against the axial location of each stage. The inlet beryllium reflector is at the

left, and the outlet water reflector is at the right. The normalized results for the three

fuel elements are seen to coincide closely. Thus, the similarity of the axial power dis-

tributions for all the fuel elements is an indication that the axial and radial power distri-

butions are separable.

The solid line shows a diffusion theory calculation for the axial power distribution.

Good agreement is found everywhere except near the inlet beryllium reflector, where a

10-percent underestimation occurs. Better results might be obtained at the inlet beryl-

lium reflector with transport theory calculations.

Figure 24(a) shows the power shifted toward the inlet end by the beryllium reflector.

This shift toward the inlet is desirable because, for a given fuel surface temperature,

more heat can be transferred to the cold hydrogen entering at the inlet than to the hot hy-

drogen farther along the core. Since separated tungsten is being used in this reactor,

the use of some natural tungsten as a parasitic absorber provides a convenient means to

shift the axial power distribution farther to the inlet to satisfy heat-transfer needs better.

The calculated axial power distribution in the core is shown in figure 24(b), with the

power distribution for each stage of uniform composition again shown as the dashed line.

20 e ....................



However, by using a mixture of 30-percent natural tungsten and 70-percent separated
tungsten in the stages of the region shownin the figure, this more absorptive mixture
shifts the axial power distribution to the solid line shown. The effects obtainedare the
results of zoningby epithermal absorption rather than by zoningwith fuel. This elimi-
nates thermal spiking at zoneboundaries and gives a smoothpower distribution. How-
ever, the introduction of somenatural tungsten to accomplish this power shift reduces

•the available reactivity by about 4 percent relative to an unzonedcore.
Reactivity and reactivity control. - From a control standpoint, the two important re-

activity effects are those that result from changes in water and fuel temperatures. Fig-

ure 25(a) shows the change in reactivity from the room-temperature value as a function

of the average water temperature in the core. In this early calculation, the radial power

was flattened by varying the fuel-element spacing. The points plotted in this figure are

experimentally measured values for the unzoned isothermal critical assembly with a

beryllium reflector. The isothermal temperature coefficient was measured by heating

the moderator water in a series of steps to 640 ° R (356 ° K) and measuring the reactivity

change by using calibrated control rods.

From the estimated curve in figure 25(a), about 1 percent in reactivity is lost in

taking the water from room temperature up to the nominal operating temperature. Al-

though this loss in reactivity must initially be available from the control system, it can

be used to control the reactor in the hot critical condition.

The reactivity change with fuel temperature fs a result of the absorptive tungsten

resonances undergoing Doppler broadening with increasing fuel temperature and thereby

interacting with a larger part of the neutron slowing-down flux. The result is an instan-

taneous decrease in reactivity with an increase in fuel temperature. Figure 29(b) shows

the decrease that promptly accompanies increasing fuel temperature. About -1.5 per-

cent reactivity is introduced as the fuel heats to its average temperature of 3760 ° R

(2090 ° K). Although the maximum fuel temperature is 4960 ° R (2755 ° K), the net

Doppler effect is from the average over the entire core.

Another reactivity effect that must be accounted for is that due to transient fission

products. The most troublesome of these for the high-thermal-flux reference reactor is

xenon 135. During full-power operation, the core reactivity worth gradually decreases

by about 0.4 percent reactivity at the end of 1 hour due to xenon poisoning. If the reactor

is shut down after a period of operation, the decay of iodine to xenon results in a buildup

of transient xenon that rises to a peak of -8.5 percent reactivity 12 hours after shut-

down, while decaying with its own characteristic half life, as shown in figure 26.

The upper curve assumes 100 percent retention of the iodine and xenon in the fuel.

There is evidence that fission product gases diffuse through the tungsten clad at high

"temperature. The lower curve shows that, for a 70-percent retention of the iodine and

xenon, transient xenon reactivity has a peak value of 6 percent. This amount of excess
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reactivity will be required to override peakxenon.
A summary of all reactivity effects, given in table III, totals 19percent so that this

amount, which was available in the unzonedcritical assembly, is indeednecessary. The
7.4 percent for power tailoring is madeup of a little over 1 percent for flattening the
power distribution within the fuel element, about 2 percent for the gross radial power
flattening, and about 4 percent for the axial power adjustment required for the reference
core. The 2.5 percent for the changeof reactivity with temperature is madeup of 1 per-
cent for the water temperature and 1.5 percent for the fuel temperature change.

The reactivity required for operating the reactor for 10hours is about 1.7 percent:
0.4 percent for the xenonpoisoningaccrued in a 1-hour run, 0.8 percent for long-lived
fission product poisoning including samarium, 0.3 percent for fuel transmutation, and
0.2 percent for an assumedfuel weight loss of 1 percent in 10hours. The 6 percent re-
quired for completetransient xenonoverride assumed30 percent loss of iodine and xenon
through the clad. If this is a goodassumptionand this 6 percent were available, the re-
actor could be restarted any time after full power runs up to 1 hour in duration. The
+1.5 percent in table HI is an allowance for design and manufacturing tolerances.

The propellant hydrogen reactivity is very small in this reactor. There is so much

more hydrogen in the water than in the propellant that the hydrogen propellant has an in-

significant effect on reactivity.

Not all these reactivities need to be controlled. The reactivities that do need to be

controlled are shown in table IV along with the assumed reactivity control rates. In the

table, 4.5 percent is required for taking the reactor from the cold shutdown to the hot

critical condition; 2 percent of this 4.5 percent is the shutdown margin and the other

2.5 percent is the loss in reactivity with temperature. The 0. 057-percent-per-second

rate, a nominal reactivity control rate, is sufficient to allow getting to hot critical in

about 80 seconds; however, in starting up a rocket reactor, considerable hydrogen can

be wasted in 80 seconds. To shorten the time for reaching full power after the hydrogen

flow has been started without increasing the 0. 057-percent-per-second control rate, the

reactor can be brought to hot critical at a very low power level with no propellant hydro-

gen flowing. The negative temperature reactivity coefficient can then be used to take the

reactor from the low-power no-flow condition to 95 percent of full power in about 15 sec-

onds by simply accelerating the hydrogen flow.

After the hydrogen flow reaches its nominal value, this temperature reactivity will

maintain the core temperatures during hydrogen flow fluctuations by its self-stabilizing

reactivity characteristic. Once reactor temperatures are set at their maximum oper-

ating values, it is desirable to keep them there throughout the power run. Thus, the only

function of a reactivity control system during steady-state operation is to compensate for

the 1.7 percent change in reactivity that occurs during 10 hours of operation. The re-

quired reactivity insertion rate is considerably less than the 0. 0035 percent per second
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allowed for fine control of temperature.
For the transient xenon, the 0.014-percent-per-second rate can insert the required

6 percent in about 7 minutes. This rate is also sufficient to provide negative reactivity
whenthe transient xenon is burning out.

Thus, the total neededfrom a reactivity control system is about 12percent. Also,
the largest rate of increase of reactivity neededfor this rocket reactor is no greater

-than rates presently usedin operating power reactors.
Independentemergency shutdownmethodssuchas injecting gadolinium nitrate di-

rectly into the water in the center of the core will probably be required to make the finely
distributed in-core control systems that are under consideration completely safe. This
method shouldbe able to insert 15percent at the fast rate of 5.7 percent per second. It
can thenbe removed at the slower rate of 0. 057 percent per second.

Investigations have shownthat, if conventional rods are usedto control the 12per-
cent in reactivity, the axial power distribution is completely distorted. Also, the con-
trol rods investigated causedconsiderable circumferential power peaking. As a result,
the thrust to weight ratio and the specific impulse of a rocket reactor with control rods
would be less than could be obtainedwith a finely distributed control system.

On the other hand, reflector control drums distort the radial power distribution, and
large cores cannotbe satisfactorily controlled by drums. Figure 27 showsvarious re-
actor reflector control effects. The reactivity of a thick beryllium reflector is plotted
as a function of core diameter. The worth of the reflector is large for small diameter
cores and is indicated to be worth about 35percent in reactivity for a 20-inch-diameter
(50.8 cm) core. As the diameter of the core increases, the percentageof neutrons that
leak out decreasesand, consequently, the reflector worth decreases. For a 50-inch-
diameter (127cm) core, the reflector is worth only about 6 percent in reactivity.

If the reflector control method is used, the percentage of neutrons that return to the
core is varied by rotating control drums in the reflector. About 40percent of the total
reflector worth canbe obtainedby rotating control drums. The estimated control swing
available from control drums as a function of core diameter is shownin the lower curve

of figure 27. Rotating drum control in the thermal reactor can provide up to 20percent
reactivity control swingfor a 15-inch-diameter (38.1 cm) core. For the 32-inch-
diameter (81.2 era) reference core only abouta 5-percent swing canbe attained. This
value is much less than the desired 12percent. Therefore, the liquid poison control
system was chosenfor the reference design.

The control worth of the finely distributed soluble poison system is shownin fig-
ure 28. The reactivity of the cadmium solution is shownplotted against the cadmium
concentration in the control tubes. The required reference reactor poison eoncentra-

"tions for a 12-percent control swing canbe attained by very dilute poison solutions with-
out approachingthe solubility limit. The concentrations measured in the clean critical
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(unzoned) experiments are also shown. The control swing for zoned core poison concen-

trations have been calculated and are shown as the solid line.

A flow loop shown in figure 29 was built to verify the uniformity of the poison con-

centration throughout the 210 poison tubes in the core under actual flow conditions. The

construction of the loop past the injection point is identical to that proposed in the refer-

ence reactor design.

The results of the experiments showed that the poison concentration in any tube var--

led from the average concentration by less than 5 percent at any time. Calculations

showed that a 5-percent decrease in the cadmium concentration in two central poison

tubes would result in only a 0.1-percent rise in the power of the center fuel element, and

this change is negligible.

The flow loop was also used to check the speed of response of changing poison con-

centration throughout the control tubes in the core. It was determined from calibrated

electrical conductivity cells that the poison entered the core within 0.2 second after open-

ing the injection valve and the core poisoning transient lasted for 2 seconds, which is

slightly less than one loop time. Therefore, the full effect of a given rate of change of

poison insertion occurs in 2 seconds.

Since aerospace systems should take advantage of lightweight components whenever

possible, a reactor control system that uses a strong neutron absorbing gas, such as

helium 3, was also investigated. A detailed discussion of this control system is pre-

sented in reference 3.

Larger and smaller cores. - Much of the TWMR feasibility study effort has been de-

voted to the 121-element reference reactor design, which acts as the focal point for the

many technical disciplines involved. However, as previously mentioned, other reactor

sizes are possible using the same reference fuel-element design. Some analyses were

therefore performed for larger and smaller core sizes to define the effects on major nu-

clear design variables.

The axial power distribution and local radial fuel stage power distribution are rela-

tively independent of size and are well defined by the previous analysis for the reference

core. The overall radial power distribution and neutron multiplication, which are the

major design variables affected by size, are characteristics shown in figure 30. The in-

set illustrates the overall radial power flattening technique used for the reference reac-

tor size. The heavy circles in the central part of the core indicate those fuel elements

that utilize the neutronic poisoning of natural tungsten support tubes to improve the over-

all radial power distribution. For larger reactors, core size is increased simply by in-

creasing the number of reference-design fuel elements and the number of natural tung-

sten support tubes. The criterion used to establish a power-flattened core is that the

peak to average power density should be equal to or less than that of the reference core.

The neutron multiplication factor is given as a function of core diameter in figure 30
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for both radially uniform and radially zoned cores. The peak to average radial power

density as a function of core diameter is also shown in the figure. For every core size,

the fuel-element spacing, fuel-element length, and beryllium-reflector thickness are the

same as for the reference reactor.

For the uniform cores, the multiplication factor increases with core size as ex-

pected due to reduced neutron leakage. For the zoned cores, the radial peak to average

power actually decreases somewhat, showing some improvement over the reference re-

actor power distribution. This zoning decreases the multiplication factor at every size,

but nevertheless results in a net gain over the reference core value.

Large cores with low leakage will require the use of some or all this excess reactiv-

ity gain to obtain a negative temperature coefficient. One means to achieve this would be

to reduce the amount of water in the core by reducing the fuel-element center-to-center

spacing. The temperature coefficient and the stability of the power distributions in very

large cores are areas that should be investigated.

The characteristics of two of the smallest possible separated tungsten cores are

shown in table V. Both these cores are unzoned radially, since natural tungsten support

tubes have not been used to improve the gross radial power distribution. The fuel-

element spacing and length are the same as for the reference reactor. In each case, the

beryllium radial reflector has been sized to minimize the value of maximum to average

power density across the core. The radial reflectors on these small cores have suffi-

cient reactivity for reflector drum control systems.

The smallest uranium 235 core, listed in table V would not have sufficient reactivity

for overriding peak xenon. However, it would have a sufficient amount for axial power

tailoring so that 39 inches (99 cm) of fuel will give the same 4460 ° R (2480 ° K) exhaust

gas temperature as the reference core.

The second core listed in table V uses neutronically superior uranium 233 as fuel so

that this core can be made smaller. This core almost has sufficient reactivity for both

axial power tailoring and peak xenon override. Figure 31 shows a cross-sectional view

of this core. Only 15 kilograms of uranium 233 fuel are required for the 19 fuel assem-

blies. A water-cooled beryllium reflector with 12 rotating control drums is indicated.

This reactor is potentially capable of producing a power of 360 megawatts and a hydrogen

propellant exit temperature of 4460 ° R (2480 ° K). The core diameter is 15 inches

(38.1 cm), and the primary reflector diameter is 22 inches (56 cm). If it were desirable

to incorporate the water-to-hydrogen heat exchanger, a secondary water reflector would

be added and this would increase the pressure vessel diameter to about 30 inches

(76.2 cm). The weight of this reactor, pressure vessel, pumps, nozzle, and piping is

approximately 2500 pounds (1130 kg).
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FUEL ELEMENTS

Fuel elements were fabricated and tested as part of the overall TWMR program.

This work included

(1) A study of the ability of fuel elements to contain fissionable material and of the

physical and mechanical properties of fuel elements under simulated operating
conditions

(2) The design and selection of fuel-element configurations for nuclear rocket appli-

cation and the development of techniques for fabricating and supporting these

shapes

As a basis for the work on fuel retention and properties, certain operating goals

were defined early in the program. High-temperature fuel-element operation would be

necessary to realize the specific impulse potential of the nuclear rocket. The nominal

operating temperature for the fuel elements was chosen to be 4960 ° R (2755 ° K). Al-

though no specific space mission has been defined, the operating time was assumed to be

short and consistent with high-thrust propulsion. To allow for development testing, the

total operating time was fixed at 10 hours. The number of startups and shutdowns was

unknown; therefore, to allow for development testing, the thermal cycling capability

goal was set at 25 cycles. Some fuel losses could be tolerated, but to limit the excess

reactivity necessary to compensate for fuel loss, the allowable fuel loss was specified

to be less than 1 percent. In addition to these goals, good high-temperature strength

would be necessary; that is, the presence of fuel should not overly compromise the

strength of the fuel elements.

At the beginning of this program, it was decided that these goals could best be met

with dispersion-type fuel composites with a continuous matrix of tungsten. Tungsten was

selected because it has the highest melting point of all metals, has relatively good

strength and excellent thermal conductivity over the operating temperature range, and

does not react with the hydrogen propellant. Uranium dioxide was chosen as the fission-

able fuel to be dispersed in the tungsten matrix because it is one of the most refractory

fuels, has a fairly high uranium density, and, for the most part, is not reactive with

either tungsten or hydrogen.

The work on development of a suitable fuel-element design for the TWMR included

fabrication, support structure, and testing of potential fuel-element configurations.

Methods were developed to fabricate two of the most promising configurations. These

were examined as to their ability to withstand the aerodynamic forces of the high velocity

hydrogen and the thermal stresses generated within the element. Support of the fuel

elements under axial drag loads and vibratory lateral loads also was studied.
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Fabrication of Fueled Composites

To evaluate the effects of fuel vaporization and decomposition and to develop methods

for controlling fuel loss due to these factors, it was necessary to fabricate suitable test

specimens. In addition, these specimens were used to determine the mechanical proper-

ties of the fueled composites. Also, methods for fabricating fuel elements of complex

• geometry such as might be required in an actual reactor were developed.

Several methods were investigated to produce fueled test specimens with uranium

dioxide particles dispersed in a continuous tungsten matrix. These methods included

consolidation of mixtures of tungsten and uranium dioxide particles as well as tungsten-

coated uranium dioxide particles into dense bodies. Early in the program, it became

obvious that uranium dioxide was being lost from the composites during continuous heat-

ing because, at the operating temperature of 4960 ° R (2755 ° K), uranium dioxide has a

vapor pressure of about 3 millimeters of mercury (400 N/m2). This high vapor pressure

can cause large amounts of fuel loss from tungsten - uranium dioxide composites by

vaporization of all surface-exposed uranium dioxide particles as well as of interconnected

internal uranium dioxide particles. Methods were developed to prevent fuel vaporization.

One method for reducing loss is the use of a thin (0. 001 in. (0. 0254 mm)) layer of tung-

sten on all outer surfaces of the composite. Tungsten coating of uranium dioxide parti-

cles also has been shown to reduce vaporization losses as well as to give a more uniform

fuel dispersion in the composites.

The method developed at Lewis for fabricating flat plates from mixtures of tungsten

and uranium dioxide powders is basically a powder-metallurgy and hot-rolling operation.

A mixture of powders is cold compacted into flat plates and sintered at 3560 ° (1980 ° K)

to yield a cermet plate with a density in excess of 90 percent of theoretical. Additional

densification is achieved by rolling at approximately 3960 ° R (2200 ° K). The finished

cermet plates are about 20 mils (0. 508 mm) thick and have a density in excess of 99 per-

cent of theoretical. This hot-rolling technique has been successful in the fabrication of

plates that contain up to about 40-volume-percent uranium dioxide.

The plates can be clad on the major faces with a thin layer of unfueled tungsten

(N0. 001 in. (0. 0254 mm)) during the rolling operation by roll bonding wrought tungsten

foil to the cermet. The resultant cladding is fully dense, uniform in thickness, and

metallurgically bonded to the core.

Several photomicrographs of rolled fuel plates are shown in figure 32. These fuel

• plates contained 10-, 20-, 30-, and 40-volume-percent uranium dioxide. The white

areas in the photomicrographs are tungsten, and the darker areas are uranium dioxide

particles. The high density of the tungsten matrix and the uniformity of the tungsten

"cladding applied by roll bonding are noteworthy. The fuel particles were initially spheri-

cal and about 50 microns in diameter before consolidation, but these were elongated

27



, ?5?'.:..

somewhat during rolling.

With the roll-bonding technique, however, the edges of the plates are still unclad.

Various cladding methods, such as powder sintering and plasma spraying, have been

used effectively to clad the edges of the fuel plates, but these methods are essentially

limited to composites of simple geometry.

Other techniques were investigated, therefore, for cladding all exposed surfaces

with one process; vapor-deposition techniques proved to be the most promising. Vapor

deposition employs hydrogen reduction of a tungsten halide at elevated temperatures to

deposit tungsten metal on heated surfaces. A typical photomicrograph of a composite

clad by vapor deposition is shown in figure 33. The cladding is fully dense and metal-

lurgically bonded to the fueled core.

The consolidation of tungsten-coated uranium dioxide particles is complicated by the

fact that the large tungsten - uranium dioxide particles do not sinter well. However, two

processes based on hot roll compaction and hot isostatic compaction have been developed

for the consolidation of these particles. In both processes, the tungsten-coated uranium

dioxide particles are loaded into flat molybdenum cans and vibratory compacted to a den-

sity of about 65 percent of theoretical. The canned particles are then heat treated in hy-

drogen at 2460 ° R (1370 ° K) to remove any surface oxide on the particles. In the roll-

compaction process, densification of the particles is achieved by hot rolling the unsealed

can at about 3560 ° R (1980 ° K). For isostatic compaction, the molybdenum cans must be

evacuated and sealed prior to compaction. Compaction of the sealed cans is then achieved

by a combination of temperature (3460 ° R (1920 ° K)) and pressure (30 000 psia (2.07×104

N/cm 2 abs)) in an autoclave. In both processes the molybdenum canning material is re-

moved with a nitric acid solution, which dissolves the molybdenum but does not harm

either the tungsten or the tungsten-encapsulated uranium dioxide particles.

Typical microstructures of plates produced by both methods are shown in figure 34.

The fuel dispersion in the plate produced by roll compaction is quite uniform, but the

uranium dioxide particles are rather elongated and this could result in anisotropic prop-

erties in the fuel element. The uranium dioxide particles in the isostatically compacted

plate are no longer spherical, but the distortion is much less than that obtained with roll

compaction.

For the fabrication of fuel elements of more complicated geometry than flat plates,

several consolidation methods were investigated. Of these methods, hot isostatic com-

paction and hot pneumatic impaction (a process similar to hot isostatic compaction) were

the most satisfactory. Both these methods involved filling a molybdenum die assembly

with a powder mixture of tungsten and uranium dioxide or tungsten-coated uranium diox-

ide particles using dams or a special filling device to generate the desired radial fuel

loading distribution. The loaded die assemblies then were sealed in molybdenum cans

under vacuum and were hot isostatically compacted or hot pneumatically impacted at
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temperatures of about 3460° R (1920° K). After consolidation, the molybdenumforms
were dissolved in nitric acid. The microstructures of these assemblies looked similar
to that of the isostatically compactedplate shownin figure 34.

Fuel Retention Studies

The purpose of these studies was to determine the effect of time, temperature, and

thermal cycling in purified hydrogen on loss of fuel from cermets and to develop methods

for restricting fuel loss to <1 weight percent of the uranium dioxide originally present.

These fuel retention measurements were carried out on thin rectangular cermets pre-

pared by consolidation of tungsten and 50-micron uranium dioxide particle mixtures or of

50-micron uranium dioxide particles coated with tungsten. The principa! consolidation

techniques used were hot roll compaction and isostatic compaction. Most of the speci-

mens evaluated were clad on the external surfaces with a thin layer of tungsten.

Fuel loss through vaporization. - The effects of tungsten cladding on the surfaces of

cermets and of the use of tungsten-coated particles on fuel loss due to vaporization of

uranium dioxide during continuous heating for 2 hours at 4960 ° R (2755 ° K) in hydrogen

are shown in figure 35. Surface cladding was particularly effective in restricting fuel

loss. The use of tungsten-coated uranium dioxide particles also resulted in decreased

fuel loss. Thus, the combined use of surface cladding and coated particles would be the

best choice for restricting fuel loss through volatilization.

Fuel loss induced by thermal cycling. - Tungsten - uranium dioxide cermets, even

though clad, lost fuel under thermal cycling conditions, as shown in figure 36. One curve

shows the loss under continuous heating conditions, and the other curve shows the more

severe loss where thermal cycles of 2 hours duration were used. Also, metallographic

sections of specimens after cycling (fig. 37) showed a uranium-bearing phase in the grain

boundaries of the tungsten matrix for the cycled specimens. The best method found for

reducing fuel loss during thermal cycling consisted of the addition of small amounts of

metal oxides like yttrium oxide or cerium oxide in solid solution with the uranium dioxide

fuel. The effectiveness of this method is shown in figure 38, where the fuel loss is

plotted as a function of the number of 10-minute cycles to 4960 ° R (2755 ° K) in flowing

purified hydrogen at 1 atmosphere pressure for an ordinary clad cermet and for clad cer-

mets stabilized with 5- and 10-mole-percent yttrium oxide (Y203) or cerium oxide

(Ce203) in uranium dioxide.

In summary, the recommended method for restricting fuel loss from fuel elements

includes a complete external cladding on the elements with a thin layer of tungsten, the

- use of tungsten-coated uranium dioxide particles, and the use of uranium dioxide with

10-mole-percent Y203 or Ce20 3 in solid solution.
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Effect of operating variables on fuel loss. - Although the reduction of fuel loss was

quite promising under the test conditions used, actual operating variables could extend

beyond the range of the conditions tested. The fuel loss curves, for example, have been

shown for a maximum cycling temperature of 4960 ° R (2755 ° K), but "hot spots" con-

ceivably could cause higher temperatures in an actual operating reactor. Also, cycling

conditions could involve longer or shorter holds than the 10 minutes at temperature that

were used in the tests discussed. Furthermore, the tests were made at 1 atmosphere

hydrogen pressure, whereas an element in a reactor would experience much higher pres-

sures (e. g., about 600 psia (414 N/cm 2 abs)). Finally, the effects of fission heating

must be considered.

The effect of maximum temperature during cycling is shown in figure 39. Compari-

son of these curves shows that fuel loss is increased by an increase in temperature from

4960 ° to 5160 ° R (2755 ° to 2860 ° K). The loss after 25 cycles to 5160 ° R (2860 ° K), how-

ever, is not more than 2 percent.

The effect of time at temperature during each cycle on fuel loss appears in figure 40.

For long hold times (e. g., 120 min), the total operating time goal of 10 hours was met,

but the number of cycles was small (6 cycles), and for short operating cycles (e. g.,

2 min), the total time to reach 1 percent fuel loss was less than 10 hours, but 80 were

completed. When 10-minute cycles were used, a 10-hour total operating time and 50 cy-

cles were possible. Therefore, reactor operating cycles should be carefully selected,

particularly during ground testing.

The effect of hydrogen pressure on fuel loss has been measured (fig. 41) on fully

clad composites with 35-volume-percent uranium dioxide stabilized with 10-mole-percent

cerium oxide. Data at a pressure of 600 pounds per square inch absolute (414 N/cm 2 abs)

hydrogen have been obtained through 50 cycles. The loss up to 25 cycles is essentially

the same at 600 pounds per square inch absolute (414 N/cm 2 abs) as it is at 15 pounds

per square inch absolute (10.3 N/cm 2 abs) and well below the 1-percent level indicated

by the horizontal dot-dash line. Tests conducted on specimens in 600 pounds per square

inch absolute (414 N/cm 2 abs) hydrogen at 5160 ° R (2860 ° K), however, showed rapid fuel

loss well before 25 cycles were reached.

Apparently, no serious fuel loss problem was introduced by changes in the cycling

program or high-pressure hydrogen except that, in high-pressure hydrogen, temperature

excursions above 4960 ° R (2755 ° K) should not be allowed or should be kept as brief as

possible.

Radiation effects. - The nuclear rocket application requires relatively low values of

total neutron exposure (nvt) and low value of burnup. The total burnup for a high-thrust

mission is of the order of 0.2 percent. Therefore, any noticeable radiation damage or

fission product pressure buildup for this application would not be expected. In-pile cap-

sule tests, nevertheless, have been conducted on fuel-element material specimens to



.... ?:;:T:L

check the validity of furnace tests. A typical capsule used in these tests is illustrated in

figure 42.

The specimen was heated by fission of the fuel in the specimen, and the heat was re-

moved by thermal radiation to the capsule walls, which were cooled by water flowing over

the outside surface of the capsule. Fuel loss tests were conducted for 4 hours at temper-

atures from 3960 ° to 5460 ° R (2200 ° to 3030 ° K). Weight loss measurements and metal-

lographic examination indicated no difference between fission heating and furnace heating.

Although in-pile tests did not include thermal cycling in hydrogen, fission heating itself

does not appear to pose any new problems.

Mecha nical Properties

Knowledge of the mechanical properties of fuel-element materials is necessary for

the design of the reactor. All the current mechanical property data were obtained on

rolled plates prepared by the hot-rolling powder-metallurgy techniques. The use of

tungsten-coated uranium dioxide particles (compacted by either hot rolling or isostatic

pressing) rather than mixtures of tungsten and uranium dioxide powders could possibly

result in changes in the data, and this possibility is discussed further in reference 1.

Tensile properties. - The results of tensile tests conducted at 4960 ° (2755 ° K) on

fuel plates with 0- to 50-volume-percent uranium dioxide are shown in figure 43. The

strength of unfueled tungsten (shown at the left, 100-percent W) is about 3700 pounds per

square inch (2550 N/cm 2) and the ductility (not shown) is about 10 to 15 percent reduction

in area. From these results, it appears that the loading of the fuel elements should be

less than 35-volume-percent uranium dioxide in order to avoid the region of rapidly de-

creasing strength. If more strength is required, it might be possible to use a stronger

tungsten alloy in place of the unalloyed tungsten used in these studies.

The effect of test temperature on the tensile strength of several different tungsten -

uranium dioxide composites with 20-volume-percent uranium dioxide is shown in fig-

ure 44. Little change in strength was observed in these tests when a metal-oxide-

stabilized fuel (calcium oxide stabilized) was used in place of the standard uranium di-

oxide. A significant increase in the strength of the composites containing 50-micron-

diameter uranium dioxide was achieved by the addition of 2 volume percent of fine (1 _m)

thorium oxide particles to the tungsten matrix. Thus, a thoriated matrix might be used

in combination with a metal-oxide-stabilized fuel to increase the strength of the com-

"posites. If tungsten-coated uranium dioxide particles are to be used, however, methods

would have to be developed for the introduction of fine thorium oxide particles into the

.tungsten.

Creep-rupture properties. - A series of creep-rupture tests was performed on the
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tungsten-uranium oxide composites over a range of temperatures and fuel loadings corre-

sponding to those intended for use in the TWMR. Some of the results of this study are

shown in figure 45. As fuel is added to the composite, the maximum allowable stress

that will give a 10-hour rupture life decreases.

Modulus of elasticity. - The deflection of a fuel element under a given load is another

important design property, and the results of the study are shown in figure 46. The mod-

ulus of elasticity values shown here for tungsten are higher than other static test data re-

ported in the literature. Test conditions in this study were controlled very carefully so

that creep would not affect the test results.

Composite plates containing 10- to 40-volume-percent uranium dioxide were tested,

and all the results fall in the shaded area of the figure with very little difference in the

values for the different fuel loadings. The rapid decrease in the moduli of the composite

materials between 3960 ° to 44600 R (2200 ° and 2480 ° K) is not fully understood, but one

possible explanation is that, in this temperature range, the modulus of the uranium di-

oxide decreases rapidly and contributes progressively less to the overall moduli of the

composites.

Design Parameters

The fuel elements of a rocket reactor contain the fissionable fuel and transfer the

heat released by the fission process to the propellant. Some of the important fuel-

element design parameters are discussed herein.

In order to achieve maximum propellant temperature, the fuel elements must operate

at the maximum uniform temperature consistent with the materials of construction, and

the heat-transfer flow passage must have a length to diameter ratio large enough so that

the propellant temperature approaches the fuel-element surface temperature. The effect

of passage length to diameter ratio on propellant to surface temperature is shown in fig-

ure 47 along with the effect of Reynolds number. At a Reynolds number of 10 000, a flow

passage length to diameter ratio of 240 is required, for the propellant temperature to ap-

proach within 10 percent of the fuel-element surface temperature. Actually, a slightly

larger ratio is needed because axial power distributions corresponding to constant sur-

face temperature may not be practical from a reactor physics viewpoint. Thus, for a

reactor 3 feet (91.5 cm) long, an equivalent passage diameter of 0. 125 inch (3.18 mm) is

about the size of interest.

The mass velocity is also significant because, with a fixed outlet temperature, it de-

termines the power and thrust from a given reactor. Also, as the mass velocity is in-

creased (fig. 48), the core pressure drop increases, the aerodynamic load on the fuel

element increases, and the outlet Mach number of the propellant increases. Each of

these factors at some point will limit the mass velocity through the reactor passages



because it requires (1) a fuel element capableof withstanding high aerodynamic loads,
(2) a core structure capableof supporting high pressure and pressure drop, and (3) suffi-
cient pumpingpower to deliver the propellant to the reactor at the required high pres-
sures.

Fuel loading andfuel-plate thickness are also important design parameters. Selec-
tion of values for these parameters involves complex relations betweennuclear, heat
transfer, andmaterial property considerations. Preliminary studies have shownthat a
reasonablecompromise for this reactor concept is a thickness of 20mils (0. 508mm), an
average uranium loading of 20 volume percent, and, to allow for tailoring the power dis-
tribution, a maximum fuel loading of about 30volume percent.

Fuel-Element Configurations

Various fuel-element configurations such as flat plates, concentric cylinders, tube

bundles, and honeycombs were considered. Because of expected performance limitations

or fabrication difficulties, only two configurations, the concentric cylinder and the honey-

comb, were selected for further study.

Concentric cylinder elements. - One of the primary reasons for considering the con-

centric cylinder element was that it could be made by forming plate stock into cylinders

of various diameters. The cylinder wall thickness was 20 mils (0. 508 mm), and the an-

nular gap between cylinders was 0. 0625 inch (1.59 mm), corresponding to an equivalent

of 0. 125 inch (3.18 mm). In this type of fuel element, each cylinder can have a different

uranium fuel loading to achieve uniform radial power within the element. The maximum

number of cylinders that can be used without exceeding a loading of about 30-volume-

percent uranium dioxide is approximately 11 cylinders, which corresponds to a fuel-

element diameter of 2 inches (5.08 cm).

Fueled tungsten cylinders from 0.5 inch (1.27 cm) up to several inches (cm) in diam-

eter were easily formed at 2160 ° R (1200 ° K) from tungsten - 20-volume-percent uranium

dioxide plates. However, the joining of these tungsten - uranium dioxide composites was

a difficult problem because dispersed uranium dioxide melts at a temperature of about

1200 R ° (667 K °) less than the tungsten. Ordinary fusion-welding techniques, such as

electron-beam or tungsten - inert-gas welding, could not be used without extensive gas

bubbling and resultant porosity in the weld zone. Therefore, several other joining tech-

niques were investigated under contracted programs, and the results indicate that the

"most promising technique is gas-pressure bonding. A sample joint that can be obtained

with this method is shown in figure 49(b). In the photomicrograph grain growth has oc-

-curred across the interface and clad-to-clad bonding has been achieved. Tensile tests

at 4960 ° R (2755 ° K) on joined plates have shown that gas-pressure bonding results in

_ 33



joints that are as strong as the base metal.
High-temperature tests to measure the aerodynamic forces (dynamic head)that a

concentric cylinder fuel-element stagecanwithstand are difficult to conduct. High-
temperature material-property data for tungsten suggestedthat a lead-antimony alloy at
room temperature wouldbest simulate tungsten at high temperature. Therefore, pre-
liminary flow tests were conductedon lead-antimony elements at room temperature.

Lead-antimony elements were placed in an airflow test facility, andthe flow rate
was increased until failure occurred. The three types of elements tested are shownin
figure 50. The first fuel-element stagehad two support combs at the leading edgeof the
cylinders (fig. 50(a)). Fuel-element stagesof this type failed at anaverage dynamic head
of 12.6 poundsper square inch (8.7 N/cm2). Additional supports were addedat the lead-
ing edge, as indicated in figures 50(b) and (c). These lead-alloy fuel-element stages
failed at dynamic headsof 26and 30poundsper square inch (17.9 and 20.7 N/cm2). A
typical failure is shownin figure 51.

As a check on the material simulation, tungsten concentric cylinders were flow
tested at reactor operating temperature using hot nitrogen from anarc-jet facility. Both
the tungsten andthe lead-antimony results are for fuel elements with leading edgesup-
ports at 90° intervals, as shownin figure 50(a). The highest dynamic headavailable
from the arc-jet facility was 12poundsper square inch (8.28 N/cm2). A tungstenele-

ment of this type did not fail at this dynamic head. Failure occurred while increasing
the temperature to 5560° R (3090° K). Lead-antimony, which failed at a dynamic head
of 12.6 poundsper square inch (8.7 N/cm2), therefore appears to simulate tungsten at a
temperature somewhathigher than the nominal design temperature.

Oneother effect noted during the lead-antimony tests was that elements tested for
long duration failed at lower dynamic headsthan thoseunder short-time tests indicating
that creep contributes to failure. No long-duration high-temperature test datahavebeen
obtained for tungsten.

The test results indicate that the concentric cylinder configuration maybe suitable
for the reference-design conditions, but this configuration imposes a severe dynamic
headlimit unless many supports are addedto the cylinders. Becauseof the many sup-
ports required, it is desirable that these supports also be fueled so that they can contrib-
ute most effectively to heat transfer. This obviously leads to a fine grid in which all the
webs are fueled. Sucha configuration is represented by the honeycombelement.

Honeycomb elements. - The very rigid structure of the honeycomb stages shown in

figure 52 has two advantages. It permits the use of thin fueled sections and does not have

dynamic head as a limiting parameter. The web thickness is 20 mils (0. 508 mm), and

the distance across flats of each hexagonal flow passage is 0. 125 inch (3.18 mm). The

outside diameter of the stage is about 2 inches (5.08 cm). For uniform heat generation,

the fuel loading can be varied radially from about 30 volume percent in the center of the
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honeycomb to about 10 percent at the edge. Present fabrication techniques, such as hot

isostatic compaction and hot pneumatic impaction, have advanced to the point that fabri-

cation of honeycomb configurations is feasible (see fig. 52). Some additional development

of the fabrication processes is required before actual reactor fuel elements could be pro-

duced. In particular, improvements are needed to control dimensions and fuel distribu-

tion within these structures.

While the rigidity of the honeycomb essentially eliminates the dynamic head problem,

the inherent stiffness could cause thermal stress problems. Even though the fuel ele-

ments are designed to achieve uniform temperature, some temperature gradients will al-

ways exist. Materials with different thermal expansion coefficients, such as fueled and

unfueled tungsten or variably fueled tungsten in the honeycomb stage itself, also cause

thermal stress.

Plastic flow and creep would essentially eliminate stresses at high temperatures.

However, on cooling, low-temperature stresses would appear, as the honeycomb would

try to return to its original unstrained condition. At room temperature, tungsten is

strong but brittle, and the internal stresses might cause the honeycomb to crack. The

situation is aggravated by thermal cycling where thermal fatigue enters in.

In order to evaluate the thermal stress problem, stresses were imposed on a uni-

formly loaded honeycomb stage by radial temperature gradients. Hot gas from a tung-

sten preheater was forced to flow through the 19-hole central region of the honeycomb.

At the same time, the outer periphery of the honeycomb was cooled by the flow of cold

gas. The temperature gradient was controlled by varying the amount of cold gas flowing

around the outside of the honeycomb. This radial temperature gradient induced thermal

stress in the radial, tangential, and axial directions.

A honeycomb was thermally cycled 25 times with a hot gas temperature of 4460 ° R

(2480 ° K) in the central region and a thermal gradient of 1200 R° per radial inch (667 K °

per radial em; 150 R ° (83 K °) per hexagonal passage). Inadvertently during one of the

25 cycles, a rapid shutdown occurred resulting in a cooling rate in excess of 1000 R °

(556 K °) per second compared with the normal cooling rate of 20 to 30 R° (11 to 16 K °)

per second. A second honeycomb was subjected to a hot gas temperature of 4960 ° R

(2755 ° K) in the central 19-hole hexagonal region and a maximum thermal gradient of

3200 R° per radial inch (700 K ° per radial cm; 400 R° (228 K °) per hexagonal passage)

for three cycles.

Inspection of the honeycombs by nondestructive testing techniques and then by in-

spection of the microstructure showed that no cracks developed in the structures as a

result of the testing. Test results indicate that the honeycomb can withstand both the

high-temperature stresses imposed and the low-temperature stresses resulting from in-

elastic strain and that thermal fatigue due to cycling does not set in for at least 25 cycles.

There are other fine-geometry configurations that could also be considered. For
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example, the element shown in figure 53 could, with some development, be fabricated by

the same process used for the honeycomb. It may have some advantages from a thermal

stress viewpoint and it conforms more readily to the cylindrical support tube without

compromising the flow passages at the periphery of the element. Since the thermal

stress tests on the honeycomb did not reveal a thermal stress problem, however, the

configuration was not pursued.

Fuel-Element Support

Figure 54 shows the arrangement of the fuel-element components. The fuel-element

assembly is housed inside the aluminum pressure tube and consists of a tungsten support

tube and a series of fuel-element stages. The support tube fits inside the aluminum

pressure tube and runs the full length of the core. Its functions are to keep the hot hy-

drogen flow away from the aluminum tube and to support the fuel-element stages. The

proposed full-length fuel element is made up of 26 stages arranged in series with each

stage individually attached to the support tube. The tungsten support tube is fixed to the

cold end of the reactor. Additional lateral support is necessary along the length to cen-

ter the fuel-element assembly inside the aluminum pressure tube.

Axial support. - Two methods for fastening the fuel-element stages to the support

tube have been evaluated: mechanical joints that use tungsten pins and metallurgical

bonds that use vapor-deposited tungsten.

These fastening methods were tested on assemblies at reference-design conditions

of the last fuel-element stage. The tests consisted of cycling each assembly five times

at a temperature of 3960 ° R (2200 ° K) with the maximum reference design axial load of

20 pounds (88.9 N), as shown in figure 55. The time at temperature was 2 hours per

cycle for a total time at temperature of 10 hours.

The test results show that the mechanical joint is not suitable for use at the reactor

exit without modification but could be used near the reactor inlet where temperature and

drag loads are lower. The metallurgical joint successfully withstood the reference de-

sign exit conditions. It was then loaded to 2.5 times the reference-design exit load, and

again cycled 5 times at 3960 ° R (2200 ° K). There was no indication of joint failure.

Lateral support. - A lateral support is required in the 0. 125-inch (3.18 mm) annu-

lus between the tungsten support tube and the aluminum pressure tube of the reference

design to maintain concentricity. In addition, the lateral support must provide adequate

stiffness at room temperature to reduce support tube bending stress induced by ground

handling or chemical rocket boost.

In fulfilling the preceding requirements, the support itself must not introduce addi-

tional problems. For example, the support must be able to accommodate lateral differ-
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ential thermal expansionbetweenthe tungsten support tube andthe aluminum pressure
tube. In addition, it must not provide a heat conductionpath that would allow local over-
heating at the aluminum interface of the pressure tube.

Of the lateral supports considered, one madeof 5-mil (0. 1270mm) corrugated tung-
sten sheetbest satisfied the preceding requirements. Tungstenwas chosento withstand
contactwith the high-temperature support tube. The thin cross section of the corrugation
plus its addedcircumferential length reduces heat conductionto the aluminum pressure
tube. The amount of relative expansionbetweenthe aluminum pressure tube and the
tungsten support tube is a function of its position along the axial length of the reactor.
At the midcore position, where the support tube temperature is about 1960° R (1090° K),
the relative expansionis only 2 mils (0.0508mm) in the radial direction. The relative
expansionincreases to 8 mils (0. 203 mm) at the reactor exit where the support tube tem-
perature is 3960° R (2200° K).

The ability of the lateral support to accommodatethis relative thermal expansion
was determined experimentally. Test results indicate that a 5-mil (0. 127mm) 12-lobe
tungsten corrugated spring, as shownin figure 54, will withstand reference-design mid-

core conditions with no measurable clearance resulting between the spring and the pres-

sure and support tubes. However, near the reactor exit, where the tungsten support tube

temperatures are considerably higher, permanent deformation of the spring may occur.

Vibration. - Experimental tests were also conducted to evaluate the vibrational be-

havior of these corrugated springs. A test model consisting of a spring mass system

comprised of a 12-lobe spring and a simulated fuel-element stage mass of 1.1 pounds

(0.5 kg) was used for this purpose.

The most significant result of these tests was that the spring provides a very stiff

lateral support. The 5-mil-thick (0. 127 mm) material previously discussed has a spring

constant of 180 000 pounds per square inch (1.24×105 N/cm2). The corrugated spring,

with its high spring constant, is expected to provide a rigid coupling between the support

tube and aluminum pressure tube and thus reduce the bending stresses in the support

tube. The damping factor of the spring-mass system of this study is small, but served

to dissipate the energy and eliminate potential damaging amplitudes at resonance.

Such a corrugated spring was used in a vibration test of a full-length support tube.

Strain gages were located at various axial positions. The tube with simulated fuel-

element masses was mounted on a shake table, and tests were run with and without the

lateral support spring. Tube bending stresses resulting from 1-g lateral forced vibra-

tion loads are shown in figure 56. The maximum stress with no spring was approximately

27 000 pounds per square inch (18 600 N/cm 2) at the resonant frequency of 41 cps (Hz).

With one spring between the aluminum pressure tube and tungsten support tube, the max-

imum stress was reduced to about 8000 pounds per square inch (5520 N/cm 2) at the reso-

nant frequency of 53 cps (Hz). When water was added on the outside of the aluminum tube,
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the resonant frequency decreased to 39 cps (Hz) because some of the water moving with

the tube had increased the effective mass of the system. The maximum stress remained

about the same.

Thus, the high spring constant of the corrugated tungsten support spring in effect

provides one additional point of support to reduce the maximum stress from 27 000 to

8000 pounds per square inch (18 600 to 5520 N/cm2).

FLUID SYSTEMS

The tungsten water-moderated reactor has two major fluid flow systems: the hydro-

gen feed system and the water-moderator system. These two flow systems, their com-

ponents, characteristics, and interrelations with the core temperature distribution are

discussed in this section.

Hydrogen Feed System

The propellant pumping arrangement must supply the pressure necessary to force

the hydrogen through the fuel elements, propulsion nozzle, and other components in the

system. There are two basic pumping systems which can be considered for nuclear

rockets; they are the topping and the bleed systems.

The topping system is shown in figure 57. Hydrogen flows from the storage tank

through the pump, the nozzle wall, the heat exchanger, a turbine that drives the pump,

the reactor core, and out the propulsion nozzle. The topping system is simple and effi-

cient because all the hydrogen passes through the nozzle to produce thrust. In this con-

cept, the topping turbine must be located downstream from the heat exchanger because

it uses the energy picked up in cooling both the nozzle walls and the water moderator to

drive the pump. Although the energy in each pound (gram) of gas entering the turbine is

still low, at 300 ° R (167 ° K), the turbine is capable of developing thousands of horse-

power (kW) because of the large mass flow passing through it. In the topping system, the

turbine pressure drop must be supplied by the pump, therefore the system pressure is

higher than for a bleed system of equal nozzle chamber pressure. If there is enough en-

ergy available to drive the turbine, this feed system can be used.

The other method for pumping the propellant is the bleed system (fig. 58). It is

similar to the topping system except for the source of the gas that drives the turbine. A

small amount of hydrogen is bled from the main flow and heated in special fuel elements

to about 1860 ° R (1030 ° K). This bleed gas flows through the turbine that drives the hy-

drogen pump and is then discharged through an auxiliary nozzle.
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A comparison of the two systems is shown in table VI based on the same powerplant

conditions of chamber pressure, temperatures, flow rate, pump efficiency, etc., that

were used in the reference design. The bleed system has no upper chamber pressure

limit. The topping system limit occurred around 700 pounds per square inch absolute

(483 N/cm 2 abs) for the engine considered. Above this point, insufficient energy is

picked up to provide the required pumping power.

For eases in which a topping system cannot supply all the required pumping power,

a combination of the two systems can be used to minimize the loss in thrust due to the

bleed gas. This may be done at the expense of some complexity and is shown in figure 59.

This combination is called a split-feed system because the pump work is split between the

topping turbine and the bleed turbine. The split system thus gets around the chamber

pressure limitation of the topping system and the high bleed rate of the all-bleed system.

In the reference design, the nozzle chamber pressure was chosen low enough (600

psia (414 N/cm 2 abs)) to permit investigation of any combination of systems from all-

bleed to all-topping. The split-feed system, with an arbitrary work split between the

bleed and topping turbines, was chosen to study the complexities and behavior of this

system.

Water-Moderator System

The closed-loop flow path of the water system is shown in figure 6. The water

leaves the pump, enters the reactor vessel, and passes through the core and the beryl-

lium side reflector where it absorbs heat. The water then flows through the shell side

of the heat exchanger, where it gives up this energy to the hydrogen propellant, and re-

turns to the circulating pump to complete a cycle every 2 to 3 seconds. The water in its

passage through the reactor core acts as a structural coolant and must adequately cool

the aluminum in proximity to the extremely hot fuel elements.

The key to the design of the water system is to maintain a water temperature that is

high enough to prevent freezing in the heat exchanger and low enough to provide adequate

cooling of the aluminum. In the TWMR concept, an aluminum surface temperature of

735 ° R (408 ° K) was used as a design point with 760 ° R (422 ° K) as the allowable maxi-

mum. The operating water temperature, therefore, had to be greater than 492 ° R

(273 ° K) and less than 735 ° R (408 ° K) to cool the aluminum. Obviously, a satisfactory

design could be achieved if an unlimited water flow rate was used, but this would require

excessive pumping power and much larger pumping equipment.

In order to determine a reasonable combination of temperature and flow rate, the

amount of heat transferred to the water in the core had to be known. There are several

sources of heat: (1) neutron and gamma radiation absorbed in the water, (2) gamma and
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neutron radiation absorbed in the aluminum and transferred to the water, (3) heat trans-
ferred from the hot fuel assembly by conductionand radiation through the aluminum pres-
sure tube and into the water, and (4) heat generatedin other components(suchas reflec-
tors, pumps, etc. ) and transferred to the water.

The heat from these sources is not generateduniformly in the core. The radial dis-
tribution is shownin figure 60where the heat load per fuel element is plotted against re-
actor radius. The ratio of the averageheat load to the heat load at the center of the re-
actor is 74percent. Orificing the water flow to match this distribution reduced the water
flow requirement by 26percent.

Further cooling efficiency was obtainedby placing a flow divider concentrically
around each pressure tube, as shownin figure 61. The water is divided by flow restric-
tions into two flow regions: a high velocity region of 12feet per second(3.66 m/sec) in-
side the flow divider, where cooling is critical, and a slower moving stream of 5 feet per
second(1.52 m/sec) outside the divider.

Figure 62 showsthe water flow rate and temperature level requirements for cooling
the aluminum structure. From the figure, it is obvious that if the flow were increased
beyond 1150poundsper second(522kg/sec) only a nominal increase in the allowable
operating temperature would result. At flow rates below 750 poundsper second (340
kg/sec), a small changein flow rate requires a large decrease in water temperature to
maintain designaluminum temperature. As a result, the water in the heat exchanger
would be more subject to freezing.

Becauseof the complex nature of the flow pathswithin the reactor, the calculation
of pressure losses and the orifice requirements necessary to obtain the proper flow dis-
tribution is quite uncertain. To checkthese uncertainties, a full-scale water flow test
was performed to study the characteristics of the system (fig. 63). In the flow test, pro-
visions were madefor readily changingthe orifices at the entrance to the annular pas-
sagesformed by the pressure tubesand the flow dividers (fig. 61). The number of holes
in the exit support plate could also be varied to control the flow in the low-velocity re-
gion.

Figure 64 is a plot of water flow in the divider region per fuel assembly as a function
of reactor radius. Although the radial flow pattern is markedly improved betweenthe
first test with no orificing and the final test, it falls short of the desired distribution.

Operation abovethe desired distribution represents overcooling the structure dueto
an excess of flow. The final test required 11percent more flow than that of the desired
distribution andwas used in the reference design. These tests indicate that at least 10 to
15percent excess flow must be allowed in a complex flow system to take into account
maldistribution and calculational uncertainties.

Water-hydrogen heat exchanger. - After the water leaves the reactor with a temper-

ature rise of about 50 R ° (28 K°), it flows through the heat exchanger, which serves as a
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cooler for the water and as a preheater for the incoming hydrogen gas.

Figure 65 shows heat-transfer behavior of the TWMR heat exchanger. As the hydro-

gen flow is increased at a constant water flow, the value of the heat-transfer coefficient

moves along one of the lines shown toward the ice region. An icing condition is defined

as one in which any local temperature of the heat-exchanger tubes drops below the freez-

ing point of water. To the left of the line labeled ice line, no such condition can occur.

To the right of this line, ice should begin to form. When the ice on two adjacent tubes

reaches a thickness that is equal to one-half the tube clearance, complete blockage of the

water flow passage is assumed. Once ice is predicted, the analysis takes into account

its effect on heat transfer. The insulating effect of the ice causes the overall heat-

transfer coefficient to remain virtually constant after the icing is reached despite the in-

crease in film coefficient resulting from locally increased water velocity. The design

point for the TWMR is considerably to the left of the ice line; there is a 65 R ° (36 K°)

margin from freezing at this point.

A portion of the reference-design heat exchanger was tested to determine how well

the heat-transfer characteristics could be predicted analytically. Some typical results

of that test are shown in figure 66. Perfect agreement of predicted and measured heat-

transfer coefficients is represented by the solid curve. The open circles indicate no ice,

while the solid circles indicate points where icing was predicted analytically. A +10-

percent error band is also shown.

The agreement between predicted and measured values of heat-transfer coefficient

was excellent when no ice was predicted. When ice formation was predicted analytically,

the measured values tended to be higher than the predicted values. Because of this addi-

tional uncertainty, the criterion established for the TWMR was that no icing was per-

mitted under steady-state operation. This criterion was not extended to transient condi-

tions since some icing was assumed to occur under a likely startup sequence (fig. 67).

With the water circulating at some low flow and with no hydrogen flow, the reactor

is brought to a low power level. The water temperature is then increased to near the

operating point by radiant exchange between the fuel elements and pressure tube. At

time zero, the flow of hydrogen is initiated.

As the cold hydrogen passes through the heat exchanger, it cools the water and, be-

cause of the negative water temperature coefficient, the reactor power begins to increase.

During this time, the hydrogen and water flow are increasing. As reactor power in-

creases, more energy is deposited in the water and its temperature begins to increase.

As design operating conditions are reached, the increased water temperature terminates

the power rise.

Figure 68 shows the heat-transfer characteristics of the heat exchanger during a

.typical 30-second startup. The solid line is the overall heat-transfer coefficient, while

the broken line defines the start of icing under the flow conditions that exist during the
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transient. Whenever the actual heat-transfer coefficient is above the icing line, ice for-

mation is possible. The shaded area therefore represents the time during which icing of

the heat exchanger can occur during this particular transient. The time constant for

transient ice formation is short compared with the time in which icing conditions exist in

this particular startup. A reasonable estimate of the ice thickness can be made by using

a point by point steady-state analysis of the conditions existing during the transient.

Figure 69 shows the result of such a study. The maximum ice thickness predicted during

this particular transient was 0. 014 inch (0.36 mm), much less than 0. 050 inch (1.27 mm)

required to cause complete blockage of the water flow. No problems should result by

permitting transient ice conditions of this magnitude.

Transient experiments on a 19-tube heat exchanger have been performed to verify

the assumption that the heat exchanger can pass through an icing condition without damage

during a startup similar to the one described. No problems were encountered with ice

blockage under conditions for which the predicted ice thickness was as high as 0. 013 inch

(0.33 mm).

Another problem in the heat exchanger is the sensitivity to changes in operating con-

ditions. For a given heat exchanger, the operating range is limited, as shown in fig-

ure 70, to variations in heat load of only 6 percent greater and 16 percent less than the

value for which the heat exchanger was originally sized. One method of overcoming this

limit is by the use of a hydrogen bypass around the heat exchanger. The advantages of

controlling the heat-exchanger characteristics by the use of a bypass is discussed in the

section ENGINE DYNAMICS AND CONTROL STUDIES.

HEAT TRANSFER

The performance objectives of a nuclear rocket are high specific impulse and small

size, which dictate high outlet gas temperature and efficient heat transfer from the fuel.

The maximum specific impulse and smallest core would result if the maximum allowable

operating temperature could be maintained over the entire fuel-element surface. The

method of predicting the heat-transfer characteristics and the accuracy of the predictions

along with the methods available for tailoring the temperature distributions are discussed

herein.

Fuel-Element Heat-Transfer Analysis

The convective heat-transfer characteristics of hydrogen under the conditions in a

nuclear rocket reactor must be accurately known. Much experimental work has been

done on gaseous heat transfer; however, with a nuclear rocket reactor, a new problem
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arises because of the extremely high metal temperature and extremely low gas tempera-

ture that exist in the inlet region of the reactor. For this condition, local heat-transfer

coefficients are not accurately predicted by conventional heat-transfer correlations.

Figure 71 shows results of some experimental heat-transfer work performed at Lewis in

which the hydrogen properties were evaluated at film conditions. The 20 to 30 percent

uncertainty in convective heat transfer for conditions similar to those in the reactor inlet

region requires an extremely conservative approach to axial power optimization.

The experimental data were therefore reexamined and a new correlation was evolved,

as shown in figure 72. A considerable reduction in scatter was achieved with this corre-

lation. Bulk gas properties are used in this modified correlation and correction factors

for surface- to gas-temperature ratio and for length to diameter ratio are included to ob-

tain local heat-transfer coefficients.

Because of the complex geometry of the TWMR fuel assemblies, the heat-transfer

and fluid-flow analysis was made by using two digital computer programs to calculate

temperature and flow distributions within the reactor, and to determine pressure losses

and orificing requirements. The first program was specifically designed for the annular

fuel geometry but was later modified to allow for connecting ligaments between the fuel

plates. This program calculated the performance of one fuel assembly at a time, in-

cluding the heat transfer to the water, and permitted stage to stage variations in power

but did not account for circumferential variation in power about the fuel assembly.

The second program is applicable to any fuel-passage geometry and allows for cir-

cumferential as well as stage to stage power variations. It uses a variable thermal con-

ductivity in computing internal fuel-element temperatures. This program can also be

used to analyze the gross flow distribution between the fuel assemblies and to determine

the orificing requirements necessary to obtain the proper flow split based on the radial

power distribution. It cannot, however, account for the heat transfer to the water nor

conduction of heat between adjacent flow passages which, by virtue of small differences

in heat-generation rates or equivalent hydraulic diameters, could operate at slightly dif-

ferent temperatures.

Both programs use essentially the same iterating technique to obtain a solution, ad-

justing gas flow between parallel passages until the pressure drop across the stages and

across the fuel assemblies is balanced. Neither program accounts for axial heat conduc-

tion, which is considered to be negligible particularly because of the physical separation

associated with the stage construction. These two digital codes were used together to

supplement the deficiencies of each other and permitted a rather detailed analysis of a

variety of fuel-element configurations, operating conditions and reactor control concepts

including the use of push-pull control rods, rotating drums, and uniform poison.
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Temperature Distribution

In nuclear reactors, the axial power naturally tends to be distributed according to

some cosine function. Figure 73 shows the fuel-element and gas-temperature variation

associated with a cosine power distribution. The maximum surface temperature is about

4960 ° R (2755 ° K) and a reactor length of about 37 inches (94 cm) is required to achieve

an outlet gas temperature of 4460 ° R (2480 ° K). To approach the more desirable condi-

tion of uniform surface temperature along the entire length of the reactor, the shape of

the power distribution must be altered. The desired power distribution that would result

in a constant surface temperature is shown in figure 74; the maximum heat flux is ap-

proximately 10 Btu per second per square inch (1640 J/(sec)(cm2)). The peak power oc-

curs a short distance from the inlet as a result of the combined effect of an increasing

heat-transfer coefficient and a decreasing temperature difference, the product of which

determines allowable heat flux.

Figure 75 shows the gas temperature variation along the reactor length for this

power distribution. With a uniform surface temperature of 4960 ° R (2755 ° K), the re-

quired length of the reactor to achieve an exit gas temperature of 4460 ° R (2480 ° K)

would be about 25 inches (63.5 cm), or a 33-percent decrease in length over the cosine

distribution. Figure 76 compares this desired distribution to the reference-design dis-

tribution, which was obtained by axially zoning the isotopic tungsten mixture in the fuel

stages and by using end reflectors as discussed in the section NEUTRONICS. The devia-

tion shown between the two curves would require an increase in core length of 2.5 inches

(6.35 cm).

The radial power distribution across the reactor tends to produce nonuniform behav-

ior between fuel elements; however, this irregular behavior can be compensated for by

controlling the flow of propellant to each element. Figure 77 shows the gross radial

power distribution of the TWMR. If the gas flow across the reactor were constant, the

gas temperature in the outer elements would not be as high as the temperature of the gas

emerging from the center elements. However, a uniform exit gas temperature can be

obtained by orificing the flow in each of the elements to obtain the same ratio of power to
flow.

Calculational Uncertainties

Uncertainties in (1) axial and radial spatial power distribution, (2) fuel loading, (3)

flow passage dimensional variations, (4) flow distribution, (5) temperature sensing and

reactor power adjustment, and (6) previously mentioned convective heat-transfer coeffi-

cients affect the ability to predict the fuel-element temperature during reactor operation.



In the TWMR, the cumulative effect of all uncertainties is basedon a statistical combina-
tion of the increase in fuel-element temperature resulting from each uncertainty. The
concept of a 'rhot channel'Tor "hot spot" factor was usedto account for these effects.
This combinedhot-channel factor establishes a probability for the occurrence of any
given fuel-element overtemperature. In this study, anallowable overtemperature of
500R° (278K°) was assumed. Oncethis maximum tolerable temperature hasbeen es-
tablished, the probability of exceedingit canbe related to incremental changesin reactor
length or exit gas temperature, as shownin figures 78 and 79.

The design core length was established at 39 inches (99 cm) to allow for all the cal-
culational uncertainties. At this length, the probability of exceedingthe allowable over-
temperature limit is 4×10-5. Expressing this limit in another way, one fuel stageout of
25 000will exceedthe allowable hot-spot temperature of 5460° R (3030° K). Sincethere

are 26 stagesper fuel element and 121elements per reactor, one stage in eight reactor
cores experiences excessive temperature. A tenfold decrease in probability (one stage
in 80 cores) canbe achieved by increasing the core lengthby about 3 inches (7.62 cm,
fig. 78)or by decreasing exit gas temperature by about 80 R° (44K°, fig. 79). These
two examples illustrate the sacrifice in performance resulting from uncertainties in one
case in the form of increased core length and in the other in the form of decreased spe-
cific impulse.

ENGINE DYNAMICS AND CONTROL STUDIES

Static and dynamic stability and the control aspects of the TWMR were also investi-

gated in the study program. The results of these studies are presented in reference 6.

Figure 80 shows the steady-state operating envelope for the TWMR. The reactor power

is given as a function of total hydrogen flow rate with the design point shown at 100 per-

cent power and flow. The system can operate at steady state anywhere within the shaded

envelope. This envelope was obtained by using analog and digital simulation of the entire

system; the boundaries are physical limits that exist in various parts of the system.

The upper limits that define this envelope are the maximum pump speed limit on the

first-stage pump, the fuel-element temperature limit, and below about 70 percent power

and flow, the bleed gas temperature limit. This limit is reached when the temperature

of the bleed gas exceeds the maximum assumed turbine materials limit. At a low flow

rate, there is a pump stall limit. Below this limit, operation of the pumps is undesir-

able.

The lower boundaries of the operating envelope are the aluminum pressure tube tem-

perature and the topping turbine power limit. In this region, insufficient energy exists

in the gas to drive the topping turbine. In obtaining this operating envelope, a hydrogen

heat-exchanger bypass was used. If this bypass is not used, the lower boundary moves
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up to the boundary shownby the dashedline. This line represents heat-exchanger icing.
Obviously, the heat-exchangerbypass dramatically increases the size of the system

operating envelope. This increase in size is important becauseof the two basic opera-
tional requirements for the system. First, the system must be capableof stable opera-
tion at the designpoint, and second, it must be capable of performing satisfactorily during
startup and shutdown. These requirements denotethat the system must go from low flow
and power to the design point, operate for a period of time, and then return to the low
power andflow condition.

While the transient limits maybe less stringent than the steady-state limits shownin
this figure (fig. 80), the size of the operating envelopeindicates the easewith which the
limits canbe avoided during startup, operation, and shutdown. For example, in the de-
scription of the heat-exchangerproblems, it was seenthat a startup without a bypass
would probably result in someheat-exchanger ice formation. Using the heat-exchanger
bypassto eliminate this boundary makespossible going from the startup condition to the
designpoint without encounteringheat-exchanger icing.

Figure 81 showsthe open-looppower-flow relation during a typical startup transient
using the heat-exchangerbypass. Power andflow are shownas a function of time.

The transient starts from a motoring condition, that is, a condition where hydrogen
flow is producedonly by tank pressure. The hydrogenflow is then ramped to the 100-
percent designpoint just as in the startup discussedpreviously. Thebypass is also
ramped to its 100-percent design value.

The total transient takes about 25 seconds. During the early part of the startup
transient, the hydrogenflow increases more rapidly than the power; that is, the system
respondsquicker to a flow change. The area betweenthe two curves represents over-
cooling of the fuel elements dueto an excess of hydrogenflow. Conversely, during shut-
down, a fuel overtemperature could be expectedsince the power would tend to lag the
flow. Therefore, care must be exercised during a shutdownsequenceto ensure a reduc-
tion in reactor power before flow is reduced to prevent fuel-element overtemperature.
This canbe doneby either increasing the poisonconcentration or the heat-exchangerby-
passbefore the hydrogenflow is decreased.

It appears then that the reference design is capableof starting up from a low power
condition with only the hydrogenflow and the heat-exchangerbypassbeing controlled. A
shutdown, however, may require an initial poison insertion.

The inherent stability of the reactor at the operating point was explained in the sec-
tion NEUTRONICS;however, if an adjustment in power is required, two modesof con-
trol are available. The poison concentration in the tubes canbe changedandthe heat-
exchangerbypass canbe varied. In the latter case, the core water temperature responds
to bypass variation, andthe water temperature coefficient causesthe core reactivity to
vary.
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Figures 82 and 83 show some results of analog studies made to explore the basic

characteristics of each of these control methods. Figure 82 shows the response of the

system to a step increase in poison concentration. Figure 83 is the response to a step

change in heat-exchanger bypass flow. In both cases, no other control devices were

manipulated after the initial perturbation. This open-loop response is not typical of the

response expected during normal reactor operation but is used in control studies to ob-

tain information that is useful in determining the behavior, stability, and requirements

of the control system.

If the two figures are examined carefully, the system response to the poison inser-

tion is seen to be entirely different from that of the perturbation in heat-exchanger bypass

flow. In figure 82, the initial reaction of the system to poison insertion is a sharp dip in

reactor power. This power reduction at constant hydrogen flow causes a decrease in the

fuel temperature, which has a negative temperature coefficient of reactivity.

The response of the fuel-temperature change is practically instantaneous, and the

reactor power is decreased sharply to a value that is below the initial power level. This

reduced power level causes the water temperature to start dropping slowly. Since the

water-temperature coefficient is also negative, power increases until a new steady-state

power level is reached.

During this relatively slow portion of the power recovery, the reactor could be held

at any desired power level by stabilizing the water temperature. For example, the hy-

drogen flow rate could be decreased; however, in this particular study no such action

was taken, and the power returned to about 98 percent of the initial value. The fuel and

water temperature at the new steady-state condition is slightly lower than the original

level to compensate for the increased poison concentration.

Figure 82 also shows that, although the inherent tendency of the core to return to

design conditions gives rise to initial oscillations, they are very quickly damped out.

In contrast to this type of behavior, the characteristic of the system that uses the

hydrogen bypass around the heat exchanger for control is slower. Also, the tendency for

the system to oscillate is eliminated because the primary effect of a step increase in by-

pass flow is a resultant direct increase in water temperature, and this increase, in turn,

affects the reactivity of the reactor. Because of the relatively large mass of water in

the system and the transport time around the loop, this method of control is much slower

than a corresponding insertion of poison directly into the core region. With two such

widely different power level controls available, the design of a control system to meet

any specific control requirement would appear feasible•

In addition to the poison and bypass controls just discussed, the power can be

changed by changing the total hydrogen flow rate. This control method makes use of the

• negative temperature coefficient of the fuel element. Figure 84 shows the response of

the system to an increase in hydrogen flow with poison and bypass held constant• Shown,
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as before, are power, exit gas temperature, and reactivity change as a function of time.

The sharp response is similar to a change in poison concentration; however, in this case,

a change in fuel-plate temperature is caused by the increased hydrogen flow. The final

power rise, as in the other cases, still depends on how fast the water temperature

changes.

In generating the steady-state performance map, the poison concentration was fixed;

only the total hydrogen flow rate and bypass were varied to obtain the complete operating

envelope. Studies have shown that no other system parameters require control. The only

controls required on the TWMR split-feed system appear to be those on the poison, the

heat-exchanger bypass, and the total hydrogen flow rate. It does not appear that the con-

trol problems of the all-topping system would be much different from the split-feed sys-

tem. Basically, the same three control parameters would also be required for an all-

topping cycle.

SYSTEM SIZE AND WEIGHT

An important factor in mission studies is propulsion system size and weight. Ta-

ble VII shows a weight breakdown of the reference 1500-megawatt system. The weight of

all shielding that might be required has been omitted. Engine thrust structures, gimbals,

and thrust vector system are not included in this weight breakdown.

The choice of the 1500-megawatt power level for the reference design was somewhat

arbitrary. As already discussed, a range of reactor sizes with the same general con-

figuration was investigated. Using the same system operating limits, chamber pressure,

fuel loading, etc., as were established for the reference design permitted changing the

power of the reactor by increasing or decreasing the diameter of the core while keeping

the length constant. The sizes of other system components were changed to accommodate

the new flow rates.

The fine-geometry fuel elements eliminate the allowable dynamic head limit of

12.5 pounds per square inch (8.62 N/cm 2) used in the reference design. Therefore, the

power output of a given reactor can be increased by increasing the flow and thus improv-

ing the heat transfer. The limiting condition for this upgraded system would be the pres-

sure drop associated with the higher flow rate. A core pressure drop limit of 250 pounds

per square inch (172 N/cm 2) is felt to be reasonable at this time.

Figure 85 shows thrust to weight ratios for systems up to about 10 000 megawatts.

The lower curve is for a system with the reference dynamic head limit of 12.5 pounds

per square inch (8.62 N/cm 2) and includes the reference-design point at 1500 megawatts.

The upper curve is for a case in which a reactor core pressure drop of 250 pounds per

square inch (172 N/cm 2) was imposed. The resulting power output of each fuel element

for this case is approximately 1.5 times that of the lower curve.
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The reactivity limit for small size reactors that use uranium 235 fuel is also shown

in figure 85. Using uranium 233 instead of uranium 235 below this level allows the limit-

ing power to be reduced until the reactivity limit of the uranium 233 is reached. This

size is the smallest feasible size for reactors using the reference parameters. The

thrust to weight ratio varies from about 5 to 8.5 (lb/lb (49 to 83 N/kg)) for the cases

shown.

Figure 86 shows the pressure vessel diameter as a function of reactor power level.

The results for the case of a dynamic head of 12.5 pounds per square inch (8.62 N/cm 2)

and the case of a reactor core pressure drop of 250 pounds per square inch (172 N/cm 2)

are shown, along with the reactivity limits for uranium 235 and uranium 233 fuel. The

pressure vessel diameter varies from 31 to 109 inches (79 to 277 cm) for the power range

shown.

It should be emphasized that all the systems represented by figures 85 and 86 were

obtained by using the same parameters as in the reference design. By changing param-

eters such as the chamber pressure, the fuel element size, the fuel loading, or the per-

cent of enriched tungsten, the TWMR could be optimized to the requirements for a spe-

cific mission.

CONCLUDING REMARKS

A tungsten water-moderated reactor concept has been proposed. It consists of a

thermal spectrum reactor that uses light water as a moderator and coolant, uranium

dioxide as fuel, and tungsten enriched in the 184-isotope as the fuel-element structural

material. As a result of detailed feasibility studies, it is concluded that

1. The tungsten water-moderated reactor concept could be developed with a reason-

able degree of confidence into a nuclear rocket propulsion system that has good reliabil-

ity, high specific impulse, low weight, small size, excellent growth potential, ease of

development, long running time, and multirestart capability.

2. Tungsten provides a material with good thermal shock resistance, good tensile

and compressive strength, good thermal conductivity, and resistance to corrosion by the

propellant. These properties permit the fabrication of cermet fuel elements with very

thin webs, which reduce thermal stress and increase the heat-transfer surface area in

the cores.

3. Water provides an efficient moderator and a good coolant for the pressure vessel

and structural members.

4. A heterogeneous core can be used in which the fuel-element assemblies are

• structurally independent of each other. This permits independent development of these

assemblies.
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The reactor neutronic studies on the T_VMR concept have shown by analysis and ex-

periment that

5. The required margins of excess reactivity can be obtained.

6. The negative water temperature reactivity coefficient required for self-

stabilization in reactor startup and at operating power can be achieved.

7. Overall radial and axial power distributions in the core can be adjusted to pro-

vide maximum heat transfer by the use of natural tungsten as a parasitic absorber in

selected fuel stages and support tubes. •

8. The use of tungsten, enriched in tungsten 184 to reduce neutron absorption, as

a fuel-element structural material is feasible and has been demonstrated. It can be pro-

duced in sufficient quantities and at reasonable unit costs.

9. The finely distributed in-core poison control system provides adequate control

and response, minimum power distortion, and a method of reactor control independent

of core size.

10. The neutronic aspects of the reactor are well understood.

The fuel-element studies for the TWMR concept have shown that

11. Tungsten - uranium dioxide composites are capable of operating under constant

heating conditions at 4960 o R (2755 ° K) for 10 hours or more with less than 1 percent fuel

weight loss, if the exposed surfaces are clad with a thin layer of unfueled tungsten. The

use of tungsten-coated uranium dioxide particles to form the composite also helps reduce

fuel losses.

12. Thermal cycling aggravates the fuel-retention problem; however, the fuel loss

can be limited to less than 1 weight percent by the use of small amounts of yttrium or

cerium oxides in solid solution with the uranium dioxide.

13. Tungsten - uranium dioxide composites containing up to 35-volume-percent ura-

nium dioxide have sufficient high-temperature strength and ductility to be used as self-

supporting components in fuel elements.

14. The problems of fabricating tungsten - uranium dioxide into fuel-element shapes

have been largely solved. Techniques have advanced from the fabrication of flat plates

to the consolidation of complex configurations such as honeycombs with variable fuel

loading within the stage.

15. Concentric-cylinder fuel-element configurations require many edge supports at

high dynamic head conditions. High performance systems require a fine grid, such as

the honeycomb element. Methods of supporting fuel assemblies against axial and lateral

loads have been developed.

Engine system studies on the tungsten water-moderated reactor concept have shown
that

16. The engine system has three independent methods of control: the poison control

system, the heat-exchanger bypass, and the total hydrogen flow rate. These methods
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can be used individuallyor in combination to obtain the desired system response. Analog

simulation has demonstrated that the system can be started, controlled at the operating

point, and shut down.

17. The heat load in the moderator water can be transferred to the incoming hydro-

gen propellant by a water-to-hydrogen heat exchanger. Water temperature and flow con-

ditions can be controlled to provide adequate cooling of the core aluminum structure with-

out freezing in the heat exchanger.

18. Reactors within the power range from about 400 to over I0 000 megawatts can be

achieved by the addition of more fuel-element assemblies and an increase in the size of

the auxiliary components.

Lewis Research Center,

National Aeronautics and Space Administration,

Cleveland, Ohio, April 20, 1967,

122-28-02 -04-22.
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TABLE I. - PRECISION OF FUEL-ELEMENT SIMULATION

Material Core

Reference Simulated

Absorptions per source neutron

Hydrogen

Oxygen

Aluminum

Uranium 235

Tungsten

Uranium 238

Total tungsten and uranium 238

Total

Core

0.071

.002

.001

.617

0.146

.004

0.150

0.851

Thermal utilization

0.069

.002

.014

.616

0.095

.058

0.153

0.854

Age,

cm 2

Reference 0.7857 95.16

Simu_ted .7820 90.56

TABLE II. - COMPARISON OF ISOTOPIC

COMPOSITION OF REFERENCE AND

SPECIAL FUEL STAGES

Fuel stage

Reference

Special:

5 Ring

8 Ring

II Ring

Tungsten isotope

182

6.18 38.82

183 184 186

Weight in fuel stage, g

339.61 5.52

6.15 38.91 162.16

7.90 40.28 244.26

9.78 41.75 332.02

5.63

7.82

10.15
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TABLE I]]. - REACTIVITY REQUIREMENTS

Requirement

Reactivity for power tailoring

Temperature defect

10 Hours of operation in 1-hour cycles

Transient xenon override

Design and manufacturing tolerance

Propellant hydrogen reactivity

Reactivity,

Ak/k,

percent

-7.4

-2.5

-1.7

-6.0

+1.5

0

Total -19.1

TABLE IV. - REACTIVITY AND INSERTION

RATE FOR CONTROL

Operational requirement

Cold shutdown to hot critical

Temperature control (10-hr operation)

Shutdown reactivity insertion

Transient xenon override

Reactivity, i

Ak/k,

percent

4.5

1.7

6.0

Insertion

rate,

(Ak/k)/sec,

percent

±0. 057

±. 0035

-. 057

±.014

Total 12.2 ......

Emergency shutdown 15.0 -5.7

TABLE V. - CHARACTERISTICS OF SMALL CORES

[20-volume-percent uranium dioxide. J

Fuel

Uranium 235

Uranium 233

Number

of fuel

elements

37

19

Core

diameter,

in.

(cm)

21.0(53.4)

15.2(38.6)

Beryllium

thickness,

in.

(cm)

4.0 (10.2)

3.4 (8.6)

Multiplication

factor,

keff

1.11

1.16

Maximum

to average

radial

power

1.19

1.16
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TABLE VI. - COMPARISON OF BLEED AND

TOPPING SYSTEM PARAMETERS

[Nozzle chamber pressure, 600 psia (414 N/cm 2 abs);

flow rate, 92.7 Ib/sec (42.1 kg/sec). ]

Parameter Bleed Topping

None _700; 483Nozzle chamber pressure upper limit,

psia; N/cm 2 abs

Bleed rate, percent

Engine specific impulse, sec

Hydrogen pump discharge pressure,

psia; N/cm 2 abs

Hydrogen pump horsepower; MW

5.1

819

945; 652

7200; 5.37

0

839

1490; 1030

11 700; 8.73

TABLE VII. - WEIGHT OF REFERENCE TUNGSTEN

WATER-MODERATED REACTOR ENGINE SYSTEM

Component Weight,

lb (kg)

Reactor components (no shield):

Uranium dioxide fuel

Tungsten

Water moderator

Reflectors

Structure and controls

200 (91)

3 000 (1362)

1 840 (835)

1 330 (604)

2 640 (1200)

Total weight of reactor components 9 010 (4092)

Nonreactor components:

Nozzle (area ratio, 40)

Pumps

Piping

Fluids

1 280 (581)
900 (408)

1 600 (726)

950 (431)

Totalweight of nonreactor components 4 730 (2146)

;Total weight of system 13 740 (6238)

• rr?::F:"'::.;;,: - 55



, Nt"l ....

Hydrogen

Water__

ReaC

i Heat

exchanger

Nozzle(
CS-39273

Figure 1. - Tungsten water-moderated reactor concept.

Typical fuel

assembl

Pressure

tube -\ 52-in.-diam

1132cm)

pressure
vessel

43-in.

(109 cm)

diam

Heat

exchanger J

gas

fuel assembly

'-Beryllium side
reflector

56 • --



Water

manifold "1
H20 out

r Outlet
tube

sheet

Head .--"

Load transfer collar

Beryllium inlet /t H20 in
end reflector .,."

I _ _.. Beryllium

I 'l side reflector

I _' Fuel assembly
I

L Heat exchanger
C S-39286

(b) Water flow in axial section AA.

Shadow shield-_

H2 manifold "1

r Bleed gas

I fuel assembly
I

r Nozzle

H2 in

Bleed

gas dud J
/,- Section of typical

I fuel assembly

H2 out I

L Heat exchanger

(c) Hydrogen flow in axial section AA.

Figure 2. - Continued.

Insulation

assembly

_._,_I'_L lll-I _L""L |"l"l _J ___

--_ .............. & 57



_im"rt/'_l_ I I-i rtI--L I'1-1 A I m

¢
! Control solution manifold H20 out

"<3-

I

L Control tube

H2 out

(d) Axial section AA showing control system.

CS-39285

Poison solution in.-,,

H20 out

r, Control tube
/

i- Pressure tube

Bleed

gas duct

H20 in

Poison solution out-,'

(e) End view.

Figure 2. - Concluded.

H2 out
CS-39283



jp-

Orifice

Pressurizer
accu

Solution

concentrate

Ion exchanger

Pump

Poison removal valve

Concentrate

insertion valve

I Inlet

1-_ Heat exchanger

IL lp Manifold

. ," assembly

r Reactor

CS-39277

Figure 3. - Schematic diagram of reactivity control solution system.

Load
I transfer

I collar

H2 in O _l,_l__

Inlet _ L Beryllium
/

tube /
sheet--,

H2inl _

rFuel stage ,- Support tube
\ .2.5-in (6.35 cm) /

Icliam /

I _ _._ I_'I"_'_OH
DLII 1_ _ ._ 2out

', .., . / / Lateral / /
".-wa.!er i sunr_rt J LOutlet tube sheet

orlllce / _-

inlet end reflector_ plate /
/ /

/ //

/ 7Pressuretube J
/ /

/ /
/ /

/ I
/ /

/ I
/

/ I
I I

I

/

/
!

LBeryllium reflector plug

L Fuel stage

Insulation assembly--,

"L,
Outlet tube sheet _

Lateral_ I_) H2 out

\ CS-39321
Support tube J

Figure 4. - Fuel-elementassembly.

59



o - SOV;': D;-;,;,,nu-

Discharge to _ ,. Fi rst-stage H2

atmosphere - B_eed .._ '_' turbopump /"- Main LH2 -"'N

nozzle _I_"_'_':__"_D<_ k storage tank J

._,-_.,._.-_ "_. i

H20 moderator ! C,°.n.tr_,_!u..ti°n _"-_:_. .- Second-stage
, . .,& turDopumP7 Tonl_inq _--_,,_". H_ nurnn

r Control solution

Heat Side. [_ _--] ;.-Reactor

I--'% core

!_ _/////,'/.,_//..//////'..__/..,//////'///////////_/-- = _,

%
_._ Hydrogen feed Nozzle//_

_ Hydrogen bleed @ _ _ CS-39278
"/'////_ Water moderator " _"_< >

Figure 5. - Schematic diagram of overall system.

,_ H20 moderator

/, turbopump

W : 1040 (4lt) ,_'/'/_//'% . ,- W : 946 (4291
li _ ----diil/il_lillllz ,,

_l Side r Reactor core
Heat exchanger reflector

_ L_
<_ .... T: 700 13891 _

_ll///i////i//lll//lll/////lll_/./ll/lll////ll///ll/.._./I//ll//_.""_.. p : 600 1414)

CS-39280

Figure 6, - Schematic diagram of water system. Pressure, P, psia (N/cm 2 abs); temperature, T,

°R (°K): weight flow, W, pounds per second (kg/sec).



:2 storagetan 

Toppingturbine_. "'_ H pump

..... _ -_ _, _ _:C_-_,_,_

:_ _.. T- 300 (107) _?,_L_,..,_ __- heat exchanger

_ _ i _ ) ._.-_ _eacTor core

,oz..e27-<.<,
// _'_ _,

r = 4460 {2480) CS-39279

W = 90.5 (41.1)

Figure 7. - Schematic diagram of hydrogen propellant system. Pressure. P, psia (N/cm 2 abs);

temperature, T, °R (°K); weight flow, W, pounds per second (kg/sec).

Discharge to _ ,,~ First-stage H2

atmosphere "'L.,."__ turbopump

Bleed r,_zzle_ z_ ,_

H20 moderator _

turbopump-,__

-- "7" _ _ _ turbine

// _ _ /- P=712(491

Control solution/ _ _ / T = 320 (118)

turbopump__/ -_a_._

P = 600 (4In)

Figure 8, - Schematic diagram of hydrogen bleed system. Pressure, P, psia

{Nlcm 2 abs); temperature, T, °R (°K); we ght flow, W, pounds per second
Ikglsec).

61



J_I,IJ i , I

o

J,I,I, I , I hi,l, I , I

0

-.-t

D _
--_ -

Z -
l,l,i, I ,I,I , I °o

o

0o

o

q 'uo!1)os sso_3

d

L

_

•c_._

!_ -

oQOOoOC;oQoOO;
LJ L_J L_# L_J L.# L.

% .'0

8
.- &

_; -.__

J
i

g

/'_'AIII'I I'_Ir'i i_I'| • i..i

62 • ................



c

g
¢b

w

35--

3O

25

2O

15 / 186

1 I I I t I
0 .5 1.0 1.5 2.0 2.5 3.0

( Su dace/Mass) 112

Nordheim c_

Tungsten Weighlisotope fraction

]82 0. 0191

183 .0187

184 .9430

.01gl

3.5

Figure 11. - Effective resonance integrals for tungsten mixtures.

%

o

55--

-- GAM II calculation

O /_,,easured

45

40

35

3O I I I I 1 I
5 I0 15 20 25 30

Tungsten in tungsten-water mixture, percent

Figure 12.- Fermi age in tungsten-water mixtures for plutonium-beryllium

source neutrons.

1
35



• ..... =TILT"" L

1.6 D

_= 1.2-

1.0

.8

W184 ' Thermal Effective
absorption resonance

percent cross integral,

g_ section, Iefl,

81 OAth, b

b

2.9 10.7

3.7 16.2

2.5 in. 4.7 20.3

(6.35 cml
I I

-- .:_ 30. l

Cp (natural W)

_18.3

T
38.6

_ I I L L
.4 .8 1.2 1.6

H2Othickness , T, in.

I I I I I
0 I 2 3 4

H20 thickness, T, cm

Figure ]3. -Cell multiplication for tungsten 20-volume-percent
uranium dioxide fuel.

3.0x103

16xlO 3 2.5

6xlO3 ] _ Reference mixture l ]

_" 12b Pr°d uct i°n_""',_ I

_ / rate "_ /I -_4__- 81- I \ / -I 1.5
3 _

a-

I

0_.5
75 80 85 90 9.5

W IM concentration, percent

Figure 14. - Separated tungsten 184 production.



E
o

c3,_

1.4

1.2

1.0

.6

,," kef f (reactor>

i Ii I I I
0 .4 .8 1.2 1.6

Water thickness, T, in.

I I I I I
0 I 2 3 4

Water thickness, T, cm

Figure 15. - Reactor multiplication for various

water thicknesses for unzoned, unpoisoned

reference design using 87 percent tungsten 184.



L _ ............ II

_i " _,,,sUIWI llJl,.ia I IrTt.

(a) Critical assembly.

CS-39123

Control tube

P Fuel element

Water level

--- Beryllium side
reflector

66

Ib) Cutaway view.

Figure 16. - Reference reactor critical experiment.

-__Of!."l['E'!T'.A__ j.

CS-39122



I
42.5 in.

(108cm)

_ 2.562-in.

i6.5cml
diam

Jf ,:' ,ung,,eo

"_Aluminum

jr-Pressure tube-x

\

\

\

CS-39105

Figure 17. - Simulated fuel element.

.2

'G

3 m

]" Measured

A Calculated

2 -- "I'_

Z_

0

"{,,
-1-- \

\

-2 -- \t _

-3 I I I 1 I I 1 I
4 5 6 7 8 9 I0 II 12

Number oftungsten isotope

rings in special stages

Figure 18. - Experimental check of simulation.

r 6"/



m... t_ f'_l_ I I" I r_ r'L '''j _' '
__ _,.. | i../i.,.iii i Irlll.al- _,.,J

d
._o

E

o

1.20 r_ F Beryllium reflected core

1.10p :_._ H20 rellected cores

/ D/ Catch,at,on
/ / _ Precritical

1. O0p/ -----2 Refined

"90 // ] _I r_easuretd ,

2.8 3.0 3.2 3.4 3.6
Fuel-element spacing, in.

I I I I I I
7.2 7.6 8.0 8.4 8.8 9.2

Fuel-element spacing, cm

Figure lg. - Results of critical experiments.

I
3.8

og_

1.0 --

.4
• 250

O Experiment
A Calculation

O
i z

Normalized

O

9

• 375 .500 .625 .750 .875 i. 000
Radius, in.

I I I I I
,8 1.2 1.6 2.0 2.4

Radius, cm

Figure 20. - Radial powerdensity in simulated fuel element.

68 f



11[
Ratio of power

in ring ].0
to average power,

PclP c

.9

RJng
number

_be

Ring number

I 2 3 4 5 6

F- Support tube

f
_- Pressure

.02 in. (2.59 cm)----,-- ]
1.25 in. 13.18 cml _-'_

7 8 g I0

,,, / / /
,- / /

_ ) t I
1 t t t

32.0 31.2 29.3 26.7 24.0 21.3 18.9 16.8

Volume percent of uranium dioxide in ring

14.9 12.8

CS-39093

Figure 21. - Fuel-element zoning for uniform radial power density.

I.i

1.0

C_
©¢

Fuel Element O_qf

A Central _._ &°(_(_

"- Center fuel element

.O ,'Q,,o..o'z °''<_N Xn

I I I I I I V
50 100 150 200 250 300 350

Azimuthal angle,(#,deg

Figure 22. - Circumferentialpowerdensityratioas functionofazimuthal angle.

I
400

_I-_iii, _. _ ....

69
. _ ...... _1 _ _



,,v,,,, _-I,T;J.L -

c-
o

m
e_

o

"6
._o

1.4

{

1.2

1.0

.8

.6

.4

1.4

1.2

{

1.0

8k
.6

0

n

r Diffusion calculation

_ C D E "'"

_ _o _ _,°o

I

(a) Uniform core.

m

,r Uniform core

_ _o_ore i 0_
-- II "_ O0 1t)

- i _"__
Natural tungsten I u J

support tubes l Reference tungsten support tubes I
"I" I
I i

I I I I I I I I I i
2 4 6 8 i0 12 14 16

Radialdistancefrom core center,in.

I I I I I I I I I I
4 8 12 16 20 24 28 7,2 36 40

Radial distance from core center, cm

(b) Zoned core.

Figure 23. - Radial power density ratio.

44

I
18

70



-[j

g
e_

o

8

I _ One-dimensional,
I

lO-group diffu-

sion calculation

1.2 )

-- .&
0 Measured
[]

1.0

.8--

.6

•4 reflector"* _'_" La_I_

I I i Iv I
0 10 20 30 40 50

Axial distance from inlet end, in.

I I I I I 1 I
0 20 40 60 8o 100 120

Axial distance from inlet end, cm

(a) Uniform core (4-in. (10.2 cm) beryllium inlet reflector).

Figure 24. - Axial power ratio.

t_

c"
Q

E

8.

o

ro

0

g_

1.6-

Reference tungsten 184

1.4_1.2 -- //

1.0 /
/

/
/

•8 "--:--// Uniform core

.4--

30 Percent natural tungsten,
70 percent reference tungsten

Zoned core

Reference
tungsten 184

] I t I I I I I I
"20 5 10 15 20 25 30 35 40 45

Axial distance from inlet end, in.

I I I I I I I I I I
10 20 30 40 50 60 70 80 90 100

Axial distancefrom inlet end, cm

(b) Comparison of unzoned and zonedcores (3-in. (7.62 cm) beryllium inlet reflector).

Figure 24. - Concluded.

I
110

71



0

-.4

-8

5>

-l.6

52O

[]

__ []

-- Average water temperature i_

at operating conditions .... I _
I \

I I I II
560 600 640 680

Core average water temperature, ':R

I I ] I I
300

Uniform core (3-in.

(7.62 cm) fuel-

element spacing)
-- Estimated (zoned core)

720

]
320 340 360 380 400

Core averagewatertemperature, 'K

(a) Effect of water temperature.

Figure 25 - Variation ot reactivity with temperature.

c

0 --

-.40 --

-. 80 --

-I. 20 --

-i. 00 --

-2.00

/,_Average at

I I I II I "
i000 2000 3000 4000 5000

Core average fuel temperature, °R

t [ I I

J
6OOO

0 ]000 2000 3000

Core average fuel temperature, °K

(b) Effect of fuel temperature.

Figure 25. - Concluded.



-10I_ Xenonand
_, 81 _ iodine

[_ / _ retention,

oercent
_ -4

_ -2 Percent Ak/k

z_ [/ I I 1 l
0 10 20 30

Time after shutdown, hr

Figure 26. - Xenon generation for 1-hour full-power run

after shutdown.

c

&

<_

>:.

CL

35--

30

25

20

15

I0--

5--

_ltL._Thick beryllium reflector

\ _ .{9piMnax(i2m3ue:;)ota,

I t T''----,n:==_
40 60 80 100

Core diameter, in.

I t t [ i I
.4 .8 1.2 1.6 2.0 2.4

Core diameter, m

Figure 27. - Reflector reactivity.



<

Cz_

20

16

12

......--0

Measured values in

beryllium reflecled
i

critical experiment_. ( I
-- /

/

/
/

-- /

-- / _ Calculated curve

(zoned core)

r I 1 [
.1 .2 .3

Cadmium concentration, moles/liter

Figure 28. - Reactivity of cadmium.

0 .4

Inlet pipe Outlet pipe

Injection point

Outlet header

CS-39206

Figure 29. - Poison tube assembly flow test facility.

74 • ............



• C_,:F:.........

o_

_.e_
E c"
_.£

c_

.o

1.35

i.25

1.1!

1.8 --

1,4 --

1.0
20

I
.8

Reference core ,,,,,-,--- _ _

', _ Uniform core

/ Zoned core

I

f
I

.,,,,. ,,,.,- "-""

Uniform core

z_
I I I I

4O 6O 80 100

Core diameter, in.

I I I t
1.2 1.6 2.0 2.4

Core diameter, m

Zoned reference core

oo°°J
oO0oOoO oQo°0%oo°d
OoOOOaco o%00oO00 (
O000O
0000(
000000(

WTM mixture

support tubes

Natural tungsten

support tubes

Figure 30. - Characteristics of larger cores with tungsten - 20-volume-percent uranium
dioxide fuel.

Fuel elen_i_t
Ilg) W-U*""q

°'.

H20 -...

%
= 22.1 in.

/-Control drum (12)

_f Radial reflector

__percent Be 10 percent H20)

b__-7- Poison sections

56.1 cm) -- CS-39103

Figure 31. - Cross section of small tungsten reactor.

'75



Bm

e 411Do

._ L__Q - _ _.•o _

_ _ _ • _ w ¸

(a) 10-Volume-percent uranium dioxide, (b) 20-Volume-percent uranium dioxide.

(c) 30-Volume-percent uranium dioxide. (d) 40-Volume-percent uranium dioxide.

Figure 32. - Tungsten - uranium dioxide plates of various fuel loading• (Sections are parallel
to rolling direction. )

l

i !I

4 CS-38964

Figure 33. - fungsten - uranium dioxide composite surface

clad by vapor _e_sition.

76



• .... __....... liT ....

FIbj i*_
!i'o'".

fa-i) A

Ill
jill"

::i

I llll'

I _lt'

_ftIi'

,ti I

l'jtt
,Ill

tl
Isostatically compacted Hot rolled

Figure 34. - Tungsten - uranium dioxide plates compacted
from coatedparticles.

&
ru
:>

24

22

20

Particles
Cermet

Unegated

Unclad

Uncoated Coated Coated
Clad Unclad Clad

Figure 35. Vaporization fuel loss from tungsten- uranium dioxide
compositesfor 2-hour test at 4960 R(2755 K) in purified hydrogen
at 15 pounds per square inch absolute (10.3 N/cmZabs).

7'7



-- J"_ilkli"| II'%l"'lkl"rll ILl_

(:::

u_

5O

2O

lO

D

/ ,,-Continuously

,_-='_____,___.."_ed .
I I --TI--7 --T 1
2 4 6 8 10 12

Test time, hr

Figure 36. - Effect of 2-hour thermal cycles on fuel loss at 4950 ° R

(2755° K) in purified hydrogen at 15 pounds per square inch
absolute (10. 3 Ntcm 2 abs).

CS-38066

One 10-hr cycle Five 2-hr cycles

Figure 37. - Effect of thermal cycling at 4900° R (2755° K) on tungsten - uranium dioxide

composites.

78 _ -£":!r!_'2__..".."[.__



t_/'_i I f" .........

6O

_- 2C

--/ No stabilizer

5-mole-percent Y203

"7 / lO-m01e-percent Ce20 3 7

i lO-mole-percent Y203 _ /'

--l- l _5-mole-percent Ce20 3 _/ /'

I / ,,,
! ., ', .j'/,,'

i .k "'__.-_
0 20 40 60 80 100 120

Number of cycles

Figure 38. - Effect of cerium oxide and of yttrium oxide as stabilizers

of uranium dioxide in tungsten - uranium dioxide composites.

Time at 4960' R (2755' K)per cycle, I0 minutes; pure hydrogen

environment at ].5 pounds per square inch absolute (].0. 3
Nlcm 2 absl.

40--
o=

a_

_- 20--

Temperature,
_R ('K)

5160 (286y

4960

h _ _,_'-_-_ _1. _ __1_-2'-.--i
20 40 60 80 100

Number of cycles

Figure 39. - Effect of temperature on tungsten - uranium
dioxide composites stabilized with cerium oxide. Time

at temperature per cycle, I0 minutes; pure hydrogen

environment at 1.5pounds per square inch absolute
IlO. 3 N/cm 2 abs).

79



/% A| I r-i L'_ I" L I"PI I I

o_8F- Time, /
61-- mi0 /

_" 4L /12060 /-1Percent allowable/

i / /1 ,,,,oe,,os,,e e,
0 20 40 60 80 100

Number of cyclesto 4960° R (2755° K)

Figure 40. - Effect of time at temperature on tungsten -

uranium dioxide composites stabilized with cerium

oxide. Purified hydrogen e_vironment at 15 pounds
per square inch (10.3 N/cm_).

,.?_=_

6F 600 psia

4 b (414Nlcm 2 abs)7 ,,-15psia

I ,rlPercentallowable/ / (I0.3 Nlcm2 abs)

0 20 40 60 80 i00

Number ofcyclesto4960° R (2/55° K)

Figure 41. - Effectofhydrogen pressure on tungsten -

uranium dioxidecompositesstabilizedwith cerium

oxide. 10-Minute cyclesin purifiedhydrogen.

80 " _



l_ ,mlC,_, ]._[ - -: :-f.:i..L

/

Stainless-steel

capsule

Molybdenum thermal
radiation

shield

Figure 42. - In-pile capsule.

CS-39252

5xlO 3

_% 2.8-- _ 4

_ - 2.4-- _

_= 2.0-- _
E

1.6-- _

2

/..-tO0 Percent W

I I I I I
10 20 30 4O 5O

UO2, vol. %

Figure 43. - Effect of uranium dioxide additions to

strength of tungsten - uranium dioxide composites
at 4960'; R (2755 _=KI.

81



%
L_

.c

L

C

lOx[O3

0 --

16xlO 3

12--

8--

4--

0
200O 35O0

1 I

,,- W + UO2
//,%+ IUO2 • CaO)

X,
_' '%W + ThO 2 + UO2

I I 1 I
4000 4500 5000 5500

Temperalure, "R

I ] I I I
1200 1600 2900 2400 2800 3200 3600

Temperature, °K

Figure 44. - Effect of" core material changes on strength

of tungsten - uranium dioxide composites.

u

z

800 --

700--

600--

i

400-

300 --

B

\
1200

1000

8OO

600--

,riO0 Percent W

4oo" I I I I t 1 I I
0 5 lO 15 20 25 30 35 40

UO2, vol. %

Figure 45. Rupture stress for lO-hour life for tungsten - uranium
dioxide composites at 4960" R {2755' KI.



20xlO6

16--
%

= 12 -- "_

c_

8-- _

_ o

4--

O--

30xlO 6

25--

20--

15--

i0--

5--

0

3OOO

W

(lOto 40 vol. %U02 )_

I I I I 1
3500 4000 4500 5000 5500

Temperature, :R

I I t t 1 II
1800 2000 2200 2400 2600 2800 3000

Temperature, °K

Figure 46. - Average Young's moduli as function of

temperature for tungsten and tungsten - uranium

dioxide composites.

1,0 --

_,_

_ ._ .6

,_,_ .4

_ ,oo///

"_60 000

I I I I
i00 700 3013

Distancefrom reactorinlet,X/De, equivalentdiameters

Fi9ure 47. - Axialvariationofpropellanttemperature relativeto

uniform surfacetemperature.



- r_/'NklE|INI-&ITIAI _

%
u

3x102

C--

4!102

.6
==

_.4

I

//_00(414)

3-- Re_rs uOU_let / 400(2y///_'00( 552}

o I I I I I

200(138)
_ • .400(276)

/\\..><
Reference .___ J

-- design_ //_,,,. _ _ _...800(552)

X '_ X _ y -5o(34.5)
/ _ /Y_.-,'_rt 7140127.6)

-- / _ 8130(20"7) Outlet dynamic

I ,
40 80 120 160

Mass velocity, II_{sec)(ft2)

I I 1 I I 1 I I I
0 200 400 600 800

Mass velocity, kg/(sec)lm2)

Figure 48. - Interrelationoloperating parameters. Uniform surface
temperature, 4960° R (2755' K); outlet gastemperature, 4460' R
{2480' K); inlet gas temperature, 300° R1167' Kt.

Original interface

_ i.:/:i/;i:_;I¸_,/. :7./_:¸ ' _ ,

_ ., CS-38963

(a) Cylinders formed from W - UO2 plates. (b) Joint obtained by gas-pressure bonding.

Figure 49. - Forming and joining of tungsten - uranium dioxide plates.

84 ........ ,n .
iF _;_VlMI I L/I-I'd I I_ i_.



0 1

in.
C-65-z187

la) Dynamic head at failure,

12.5 pounds pe_ square
inch 18.7 N/cm:).

(b) Dynamic head at failure,

26 pounds per square
inch (17.9 N/cm').

(c) Dynamic head at failure,

30 pounds per sc_uare
inch (20.7 N/cm'-).

Figure 50, - Typical lead-antimony simulated fuel stages with leading edge supports used in cold flow tests.

C-66-734

Figure 51. - Failed lead-antimony fuel stage.

D 85



Vvwl. W _L.I_ | |rl_r

0 ] 2
CS-38215 I I I
C-65-2903 in.

(a) Hot isostatic compacted. (b) Hot pneumatic impacted.

Figure 52. - Tungsten - uranium dioxide honeycomb structures.

Figure 53. - Cylinder and ligament configuration.



CS-39246
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Figure 74. - Desired axial power distribution for constant surface

temperature of 4960' R (2755 K). Inlet temperature, 320' R
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